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Nomenclature 
ABTS 3-ethylbenzthiazoline-6-sulfonate 
ANOVA Analysis of variance 
AQC 6-aminoquinolyl-N-hydroxysaccinicinimidyl 
carbamate 
BAP Benzyl amine purine 
BCC Business communication company 
BHT Butylated hydroxytoluene 
°C Degrees Celsius 
C Carbon 
Ca Calcium 
CaCO3 Calcium carbonate 
CAF Central analytical facilities 
CCD Central composite design 
CH3CN Acetonitrile 
C2H2NO2 Ammonium acetate 
CMC Carboxymethyl cellulose 
Co Cobalt 
crit critical 
Cu Copper 
CUPRAC Cupric reducing antioxidant capacity 
df Degrees of freedom 
DMPD N,N,-dimethyl-p-phylene-diamin 
DNS Dinitrosalicylic acid 
DPPH 2,2-diphenyl-1-picrylhydrazyl 
EAE Enzyme assisted extraction 
ES Enzyme-substrate 
E:S ratio Enzyme to substrate ratio 
Fe Iron 
FeCl3 Ferric chloride 
FRAP Ferric reducing antioxidant powder 
g grams 
GAE Gallic acid equivalent 
GE Glucose equivalent 
H Hydrogen 
H3BO3 Boric acid 
HCl Hydrochloric acid 
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H2SO4 Sulphuric acid 
I Iodine 
IAA Indole acetic acid 
IP Isopentenyl 
K Potassium 
L Litre 
LC-MS Liquid chromatography- mass spectroscopy 
M Molar concentration 
MAE Microwave assisted extraction 
Mg Magnesium 
M/G ratio Mannuronic to guluronic acid ratio 
min minute 
μL Microlitre 
mL Millilitre 
mM Millimolar concentration 
Mn Manganese 
Mo Molybdenum 
MS Mean squared 
N Nitrogen 
Na Sodium 
Na2CO3 Sodium carbonate 
NaOH Sodium hydroxide 
NeuS Neutral sugars 
NH3 Ammonia 
NH4OH Ammonium hydroxide 
nm Nanometre 
NS Nelson-Somogyi 
O Oxygen 
OH Hydroxide 
P Phosphorus 
PDA Photo-diode array 
PUFA Poly-unsaturated fatty acids 
RS Reducing sugars 
rpm Rotations per minute 
SAE Sodium Alginate Equivalent 
Se Selenium 
SFE Supercritical fluid extraction 
SO3- Sulfonate 
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SolA Solubilised alginate 
SS Sum of squares 
TPTZ 2,4,6-tri(2-pyridyl)-1,3,5-triazine 
UAE Ultrasound assisted extraction 
UPLC Ultra-performance liquid chromatography 
Z Zeatin 
Zn Zinc 
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Abstract 
Seaweeds are known to harbour a variety of compounds that exert biostimulant potential when 
applied to crops. These compounds are valued in commercial biostimulant products due to the 
biological activities they exert when applied to crops, including antioxidant activities, growth 
stimulation, and improved tolerance to biotic and abiotic stress. Use of seaweed as a source of 
these compounds has significant advantages over terrestrial plants such as higher growth rates, 
don’t require the same land as terrestrial plants for better food security, and don’t need fresh water 
sources. There have been conventional methods available to solubilise seaweed biomass for the 
extraction of biostimulant compounds that have been replaced by better alternative methods. An 
alternative extraction method that has been gaining attention is enzyme assisted extraction (EAE) 
due to the benefits of using enzymes compared to the other methods, such as being more 
environmentally friendly, utilising less dangerous chemicals and it utilises milder reaction 
conditions. While the use of enzymes for the solubilisation of biomass for the extraction of 
biostimulants has been a growing industry where the growth of the industry is predicted to 
significantly rise until 2021. Therefor an optimised process to produce biostimulant products 
derived from the local South African species Ecklonia maxima has some potential to contribute to 
the industry.  
In this study an enzymatic assisted extraction (EAE) using a carbohydrase, Accelerase® 1500, 
and a protease, SEB Digest B69P, was optimised to solubilise the brown seaweed Ecklonia 
maxima. Furthermore the optimised EAE underwent process development and scale up to 
characterise the optimised process. The optimisation was done using response surface 
methodology (RSM) with a central composite design (CCD) where three factors were varied 
namely temperature, pH and enzyme to substrate ratio (E:S ratio). The responses measured were 
reducing sugars, neutral sugars, solubilised alginate, polyphenolic compounds, antioxidant 
capacity, dry material in solution and crude protein. It was determined that SEB Digest B69P had 
no significant effects in the models and concluded that the enzyme could be added at any 
conditions within the defined ranges and would generate similar results. Accellerase® 1500 had 
detectable significant effects on the solubilisation of the seaweed biomass and was taken further 
for optimisation. Utilising a desirability analysis the optimal parameters were determined to be a 
temperature of 46.6°C, pH of 5.5 and E:S ratio of 0.74. The process development and scale up 
experiments indicated that SEB Digest B69P had no significant contribution to the process and 
was only confirmed to be inhibiting the Accellerase® 1500. Further characterisation showed that 
the Accellerase® 1500-SEB Digest B69P process had a maximum polyphenolic compound 
concentration of 0.41 gGAE/L, antioxidant capacity that remained close to 70% and an M/G ratio of 
0.9. Additionally the process had a glucose and mannitol yield of 400.10 g/kgDM and 63.95 g/kgDM 
respectively. It was concluded that only Accellerase® 1500 was required and the final optimal 
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process conditions were determined to be a temperature of 46.6°C, pH of 5.5, E:S ratio of 0.74 and 
a total hydrolysis time of approximately 16 hours. 
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Opsomming 
Dit is bekend dat seewiere 'n verskeidenheid verbindings bevat wat biostimulantpotensiaal uitoefen 
wanneer dit op gewasse toegedien word. Hierdie verbindings is waardevol in kommersiële 
biostimulantprodukte as gevolg van die biologiese aktiwiteite wat hulle uitoefen wanneer dit op 
gewasse toegedien word, insluitend anti-oksidantaktiwiteite, groeistimulasie en ’n verbeterde 
weerstand teenoor biotiese en abiotiese stres. Die gebruik van seewiere as ’n bron van hierdie 
verbindings hou aansienlike voordele in vergelyking met ander aardplante. Hierdie voordele sluit 
hoër groeikoerse in, beter voedselsekerheid omdat seewiere nie dieselfde grond benodig as ander 
plante nie, en gebruik nie varswaterbronne nie. Daar is talryke konvensionele metodes beskikbaar 
om seewierbiomassa op te los vir die ekstraksie van biostimulantverbindings wat deur beter 
alternatiewe metodes vervang is. ’n Alternatiewe ekstraksiemetode wat tans baie aandag kry is 
ensiematiese ekstraksie (EAE) as gevolg van die voordele wat dit bo ander metodes inhou, soos 
om meer omgewingsvriendelik te wees, die gebruik van minder gevaarlike chemikalieë, en dit 
gebruik ligter reaksietoestande. Die gebruik van ensieme vir die oplos van biomassa vir die 
ekstraksie van biostimulante is ’n groeiende industrie waar daar voorspel word dat die bedryf 
aansienlik gaan toeneem tot 2021. Daarom het ’n geoptimeerde proses om biostimulantprodukte te 
produseer uit die plaaslike Suid-Afrikaanse spesie Ecklonia maxima potensiaal om tot die bedryf 
by te dra. 
In hierdie studie is ’n optimalisering van 'n ensiematiese ekstraksie met die gebruik van ‘n 
karbohidrase, Accelerase® 1500 en ‘n protease, SEB Digest B69P, gedoen om die bruin seewier 
Ecklonia maxima op te los. Verder het die geoptimaliseerde ekstraksie prosesontwikkeling 
ondergaan en was opgeskaal om die geoptimaliseerde proses te karakteriseer. Die optimalisering 
in hierdie studie is gedoen met behulp van respons oppervlak metodologie (RSM) met ’n sentrale 
samestelling ontwerp (CCD), waar drie faktore gewissel het, naamlik temperatuur, pH en die 
ensiem tot substraat verhouding (E:S ratio). Die resultate wat gemeet is, was die reduserende 
suikers, neutrale suikers, oplosbare alginaat, polifenoliese verbindings, anti-oksidantvermoë, droë 
materiaal en ru-proteïene. Daar is vasgestel dat SEB Digest B69P geen noemenswaardige effekte 
in die model gehad het nie en dat die ensiem by enige toestande binne die gedefinieerde bestekke 
bygevoeg kan word en soortgelyke resultate sou tot gevolg hê. Accellerase® 1500 het egter 
noemenswaardige effek op die oplosbaarheid van die seewierbiomassa gehad en is verder 
geneem vir optimering. Met behulp van ’n wenslikheidsanalise is daar bepaal dat die optimale 
parameters 46.6 °C, pH van 5.5 en E:S ratio van 0.74 is. Die prosesontwikkeling en opgeskaalde 
eksperimente het aangedui dat SEB Digest B69P geen noemenswaardige bydrae tot die proses 
gelewer het nie en slegs die Accellerase® 1500 geïnhibeer het. Verdere karakterisering het getoon 
dat die Accellerase® 1500-SEB Digest B69P-proses ’n maksimum polifenoliese konsentrasie van 
0.41 gGAE/L bereik het, anti-oksidantaktiwiteit wat naby 70% gebly het en ’n M/G-verhouding van 
0.9 is bepaal. Verder het die proses ’n glukose- en mannitolopbrengs van onderskeidelik 400.10 
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g/kgDM en 63.95 g/kgDM gehad. Die gevolgtrekking is dat slegs Accellerase® 1500 nodig is vir 
oplossing en dat die finale optimale prosesstoestande vasgestel is by ’n temperatuur van 46.6 °C, 
’n pH van 5.5, E:S-ratio van 0.74 en ’n totale hidrolise tyd van ongeveer 16 ure. 
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Chapter 1: Introduction 
The seaweed (or marine macroalgae) species found in the world have a wide range of different 
shapes and sizes where the total amount of known species add up to an approximate total of 
between 25, 000 and 30, 000 (Santos, Vilela, Freire, Abreu, Rocha & Silvestre, 2015). Included in 
the total amount of seaweed species are brown seaweeds that are classified as Phaeophyceae 
(Mohamed, Hashim & Rahman, 2012) 
Seaweeds are known to harbour a variety of compounds that exert biostimulant potential when 
applied to crops (Gupta & Abu-Ghannam, 2011). These compounds are valued in commercial 
biostimulant products due to the biological activities they exert when applied to crops, including 
antioxidant activities, growth stimulation, and improved tolerance to biotic and abiotic stress 
(Beckett & van Staden, 1989; Khan, Rayirath, Subramanian, Jithesh, Rayorath, Hodges, Critchley, 
Craigie, Norrie & Prithiviraj, 2009; Holdt & Kraan, 2011). Some of the these compounds include 
carbohydrates, poly-unsaturated fatty acids (PUFAs), minerals, polyphenols, proteins, amino acids, 
pigments, vitamins, plant hormones and abscisic acid. However, even though the bioactive 
compounds in seaweed are very desirable for use in commercial products such as food, 
nutraceuticals and biostimulants, the incorporation of seaweed into the commercialised space has 
not been extensively explored yet (Khan et al., 2009; Charoensiddhi, Conlon, Franco & Zhang, 
2017).  
There have been a number of conventional methods available to solubilise seaweed biomass for 
the extraction of biostimulant compounds that have been replaced by better alternative extraction 
methods (Kadam, Tiwari & O’Donnell, 2013). These conventional methods included methods such 
as Soxhlet extraction, hydrodistillation and maceration using alcohol. An alternative extraction 
method that has been gaining increased attention in recent years is enzyme assisted extraction 
(EAE) due to the benefits of using enzymes for extraction compared to the other available 
extraction methods, such as being more environmentally friendly, utilising less dangerous 
chemicals and utilises milder reaction conditions (Khan et al., 2009; Cheng, Bi, Zhao & Chen, 
2015).  
In this project an optimisation study was conducted to optimise the enzymatic hydrolysis of 
Ecklonia maxima using commercial enzymes and overcoming any challenges that may occur by 
using an enzyme meant for terrestrial biomass on algal biomass. The optimised hydrolysis 
underwent an additional investigation into the scalability of the method for use at larger scales and 
a process was developed using laboratory scale experiments. In this document a literature survey 
will be conducted with some background information, followed a description of the methods to be 
used in the study, the results obtained from the experiments, conclusions derived from the work 
done and recommendations for future studies. 
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Background and Motivation 
There is a problem in modern agriculture where chemical fertilizers are being applied in surplus 
amounts which has resulted in high amounts of nitrogen (N) in runoff streams contributing to water 
pollution. This has resulted in investigations to develop an eco-friendly product that will contribute 
to plant growth and enhance the productivity of crops which, in turn, will reduce the use of chemical 
fertilizers (Schachtman, Reid & Ayling, 1998; Vance, 2001; Xu & Geelen, 2018). The resulting 
product of this are biostimulants which are obtained through extraction processes conducted on bio 
resources. Biostimulants are products that are made up of bioactive compounds that are capable 
of supporting plant-life in harsh conditions to allow optimal growth and nutrient uptake (du Jardin, 
2015; Van Oosten, Pepe, De Pascale, Silletti & Maggio, 2017). Biostimulants themselves are not 
regarded as nutrients, however they can be defined as a product that contains various bioactive 
compounds that, when added to the plant’s environment, can improve the nutrition provided,  
growth and tolerance to biotic and abiotic stress for plants. In addition to these benefits, 
biostimulants can also provide protection against environmental stress which include water 
deficiency, salination of soil and harsh temperature conditions (Khan et al., 2009; Brown & Saa, 
2015; Van Oosten et al., 2017). 
The use of macroalgae as a bio resource for the production of biostimulants has gained more 
traction in recent years due to the advantages macroalgae has over other terrestrial plants as a 
source of bioactive compounds. These advantages include higher growth rates, they do not require 
land that needs to be used to grow crops which leads to better food security, and they do not 
require fresh water sources or fertilizer (Lorbeer, Tham & Zhang, 2013; Hong, Jeon & Lee, 2014a; 
Behera, Singh, Arora, Sharma, Shukla & Kumar, 2015; Nardi, Pizzeghello, Schiavon & Ertani, 
2016). Additionally it has been clear that there is plant stimulation effects caused by the application 
of algal extracts from previous studies. Some of the positive effects observed were seeds getting 
established and germinated earlier, increase in the yield and performance of crops, better 
resistances to both biotic and abiotic stress and perishable products made from the crops were 
shown to have a longer shelf-life (Beckett & van Staden, 1989; Khan et al., 2009). These 
stimulating effects have been discussed in depth in literature, however there is no clear agreement 
as to what specific substances are responsible for the stimulation. There are a variety of bioactive 
compounds present in marine algae, which include polysaccharides such as laminarin, alginates 
and carrageenans and the products that result from the hydrolysis of these polysaccharides. 
Additional constituents that influence plant growth include micro- and macronutrients, sterols and 
nitrogen (N) - containing compounds e.g. betaines, and plant hormones such as cytokinins. Many 
of these unique components are found specifically within brown seaweed species such as 
Ecklonia, Sargassum and Laminaria species. As such it is expected that the complexity of the 
extracts and the synergy between these compounds could be contributing toward the stimulating 
effect  (Athukorala, Jung, Vasanthan & Jeon, 2006; du Jardin, 2015; Charoensiddhi, Lorbeer, 
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Lahnstein, Bulone, Franco & Zhang, 2016; Azizi, Najafpour & Younesi, 2017; Torres, Novaes, 
Ferreira, Santos, Mazepa, Duarte, Noseda, Chow & dos Santos, 2018).  
There have been conventional extraction methods such as Soxhlet extraction, hydrodistillation and 
maceration using alcohol for the extraction of bioactive compounds from raw materials, however 
these methods do poses some significant disadvantages. These disadvantages include using 
organic solvents, using the solvents in excess amounts, high energy input for separation, 
extracting undesirable compounds alongside the bioactive compounds and possible loss of heat 
sensitive compounds  (Kadam et al., 2013; Hong, Jeon & Lee, 2014b; Cheng et al., 2015). They 
are being replaced by other alternative extraction methods which have been shown to be more 
cost-effective, have quicker reaction times, higher yields and are more eco-friendly. (Kadam et al., 
2013). Enzyme assisted extraction (EAE) has been one of the alternative extraction methods that 
has gained more traction in recent years due the benefits that come along with it. The benefits of 
using the enzyme assisted extraction method include facilitated release of desired bioactive 
compounds, it does not generate large amounts of waste that is harmful to the environment, it is a 
nontoxic alternative,  uses moderate process conditions which prevents the bioactive compounds 
from degrading, has high yields, commercial (or food grade) enzymes can be used for the 
hydrolysis, enzymes have the benefit of having selectivity and lastly a process utilising EAE can be 
scaled up. However the enzyme assisted extraction technique is not widely practiced due to the 
expensive costs of enzymes and as a result information of processes that utilise this technique is 
not very common (Michalak & Chojnacka, 2014; Cheng et al., 2015). Nevertheless the advantages 
are still considered to be more significant than the disadvantages for EAE. Enzyme assisted 
extraction has been previously conducted on various brown seaweed species such as Sargassum 
fulvellum, Ecklonia cava, Ecklonia radiata and Laminaria digitata (Athukorala et al., 2006; 
Vanegas, Hernon & Bartlett, 2013; Charoensiddhi et al., 2016; Azizi et al., 2017) , however there 
has been no clear documentation on the use of commercial enzymes on Ecklonia maxima.  
From the research done by Business Communication Company (BCC) there is a projected market 
growth for the enzyme industry where it will grow to a value of $6.32 billion in 2021 from $5.01 
billion in 2016 (Figure 1). The predicted shift will be more towards the biodiesel, leather, textile and 
paper industries, which is classified under technical enzyme production (Chapman, Ismail & Dinu, 
2018).  
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Figure 1: Enzyme market in 2016 compared to the projected market in 2021. Figure adapted from (Chapman et al., 
2018) 
In Chapter 2 of this document a literature study will be conducted which will include background 
information, terminology commonly used and analytical procedures. In Chapter 3 the questions 
that were determined from the literature survey will be stated and will be the focus of the study to 
answer. Chapter 4 will include the methods and procedures that were applied to get to the answers 
for the questions; this includes the experimental design, methods and analytical approaches to be 
used to analyse the samples. Then in Chapter 5 the data and results, gathered from the methods 
used in Chapter 4, will be presented alongside opinions and conclusions related to critical 
evaluation of the results with additional scientific commentary on observed phenomena. Chapter6 
will then be comprised of a final conclusion on the optimisation. Chapter 7 will be focused on giving 
recommendations for further study on the same topic. Any additional information required for the 
completion of this study can be found in the appendices. 
All of this information shows that there is an opportunity and a market for the production of a high 
quality biostimulant product from brown seaweed species such as Ecklonia maxima using EAE as 
a form of extraction. However, the process needs to be optimised to determine if the hydrolysis is 
able to efficiently solubilise the raw material and retain the desired bioactivity after optimisation 
using commercial enzymes that are made for terrestrial biomass. 
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Chapter 2: Literature Study 
Diversity and distribution of South African seaweeds 
South Africa has an large diversity of seaweeds, however Ecklonia maxima (also known as kelp or 
sea bamboo) is the most dominant species at the inshore kelp beds (Anderson, Carrick, Levitt & 
Share, 1997; Bolton & Stegenga, 2002). There are approximately 800 different seaweed species to 
be found on South Africa’s coastline where 250-300 species can be found on the South Coast and 
140 can be found on the West Coast of the country (Bolton & Stegenga, 2002). However the brown 
seaweed Ecklonia maxima dominates in the south in shallow water (0-8m depth) where kelp beds 
can extend from the western side of Cape Agulhas, around to the southwest coast and can even 
reach northern Namibia as inidicated in Figure 1. The Ecklonia maxima species is even more 
prominent at the inshore kelp beds between Cape Agulhas and Cape Point (Anderson et al., 
1997). This makes Ecklonia maxima a favourable choice to use as a source of bio material due to 
wide distribution and availability of the raw material in South Africa. 
 
Figure 2: Map of kelp bed distribution around South Africa, adapated from Anderson et al. (1997) 
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Composition of Ecklonia maxima 
Ecklonia maxima is classified as a brown seaweed and as a species of seaweed the compounds 
that can be found in the cell walls can be broadly summarised as polysaccharides, minerals and 
proteins (Lötze & Hoffman, 2016; Abdul Khalil, Tye, Saurabh, Leh, Lai, Chong, Nurul Fazita, Mohd 
Hafiidz, Banerjee & Syakir, 2017). 
Polysaccharides 
Seaweeds have a diverse range of polysaccharides, however there are various factors that 
influence the polysaccharide content in seaweeds and as a result makes it difficult to fully define 
them (Rioux, Turgeon & Beaulieu, 2007; Abdul Khalil et al., 2017). The polysaccharides in 
seaweed are difficult to define as a result of the influences of factors such as the season, age of 
the seaweed, species and geographic locations that can cause variations on structures and 
concentrations. This has led to the complication that no literature on the complete combination of 
compounds within Ecklonia maxima from the shores of South Africa could be fully defined. 
However it has been determined that all brown seaweed species share many of the same 
polysaccharides, however in different concentrations and as a result the possible polysaccharides 
that can be found in Ecklonia maxima are (Abdul Khalil et al., 2017): 
 Alginate 
 Cellulose 
 Fucoidan 
 Laminarin 
The bioactivities of these polysaccharides and their monosaccharides can assist with the signalling 
pathways in plants to  have a positive influence on antimicrobial and antifungal defences in plants  
(Khan et al., 2009; Vera, Castro, Gonzalez & Moenne, 2011; Trouvelot, Héloir, Poinssot, Gauthier, 
Paris, Guillier, Combier, Trdá, Daire & Adrian, 2014; Torres et al., 2018). The oligosaccharides 
derived from these polysaccharides are capable of inducing an initial oxidative burst and can 
activate the salicylic acid (SA), jasmonic acid (JA) and/or ethylene signalling pathways within 
plants. When these pathways are activated it leads to an increase in antifungal and antibacterial 
activities as well as an additional increase in defensive enzymes that increase antimicrobial 
activities (Vera et al., 2011). Additionally the sugars obtained from polysaccharides are suspected 
of having the most significant impact on bioactivity on plants (Torres et al., 2018). These 
bioactivities make sugars a very desirable substance to add to a biostimulant product. 
Alginate is one of the most abundant polysaccharides in brown seaweed where it is composed of 
various combinations of individual monosaccharide units (Rhim, 2004; Gholamipoor, Nikpour-
Ghanavati, Oromiehie & Mohammadi, 2013; Sun & Tan, 2013). Alginate is a colloidal carbohydrate 
and it can make up to 40% of the total seaweed dry weight. Alginate consists of monomeric units of 
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(1→4)-linked β-D-mannuronic acid and α-L-guluronic acid where they are also referred to as M and 
G blocks respectively. The blocks can consist of consecutive M and G residues and alternating MG 
residues as shown in Figure 3 (Rhim, 2004; Agulhon, Robitzer, David & Quignard, 2012; Sun & 
Tan, 2013). These blocks are measured and reported as a mannuronic to guluronic acid ratios 
(M/G ratio). This ratio indicates the alginate’s physicochemical properties where lower ratios 
indicate brittle gels and higher ratios indicate more elastic gels formed by the alginate (Lu, Yang, 
Hao, Wu, Liu, Xu, Linhardt & Zhang, 2015; Fertah, Belfkira, Dahmane, Taourirte & Brouillette, 
2017).  Alginate is commonly utilised as thickening, stabilizing, suspending, gel-producing, film-
forming and emulsion-stabilizing agents with additional properties in biomedical applications (Rhim, 
2004; Sun & Tan, 2013). With regards to alginate’s gel-forming properties, when an alginate 
solution gets exposed to various divalent metal cations, such as calcium, magnesium, manganese 
and iron, it will start to rapidly undergo gel formation. Calcium ions are the most commonly used 
divalent ion for reaction with alginate where the reaction between alginate and calcium ions can 
form a strong gel or a polymer with low solubility. These calcium ions assist with associations 
between G and M blocks (Abdul Khalil et al., 2017). Alginate possesses properties such as 
biocompatibility, biodegradability, non-antigenicity and chelating abilities. This has also made 
alginate a viable source for biomedical applications such as tissue engineering, drug delivery and 
in some cases prevention of gastric reflux (Sun & Tan, 2013). 
 
 
Figure 3: Structures of alginate where a) is a G-G, b) an M-M and c) and M-G combination, adapted from Agulhon et al., 
(2012) 
Cellulose is considered to be the most widely available carbohydrate in the world that consists of 
β-D-glucose units linked together where the structure of cellulose can be seen in Figure 4 (Kalia, 
Dufresne, Cherian, Kaith, Avérous, Njuguna & Nassiopoulos, 2011; Abdul Khalil et al., 2017). 
These glucose units occur as 6-membered rings, also known as pyranoses. The C-1 of a pyranose 
ring and the C-4 of another pyranose ring are joined together by acetal (reaction between an 
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alcohol and a hemiacetal) linkages (single oxygen atoms). The reaction that results in the 
formation of the linkages results in the loss of water and this results in the glucose units in the 
cellulose chain to be called anhydroglucose units. There are three different types of 
anhydroglucose units contained within cellulose, the free aldehyde, or hemi-acetal, which is found 
at the reducing end at C-1, the free hydroxyl found at the nonreducing end at C-4 and the internal 
rings which are formed when the C-1 and C-4 are joined (Kalia et al., 2011). 
 
Figure 4: Structure of cellulose, adapted from (Abdul Khalil et al., 2017) 
Sulfated, fucose rich, polysaccharides are referred to as fucoidans and they can only be found in 
brown seaweeds of the class Phaeophyceae where monosaccharides that make up the fucoidan 
chain can vary between brown seaweed species (Ale, Mikkelsen & Meyer, 2011; Ale & Meyer, 
2013). These polysaccharides usually have (1→3) – and (1→4)-linked α-L-fucopyranose residues 
as their backbone and these residues can be organized in stretches of (1→3)-α-fucan or of 
alternating α(1→3)- and α(1→4)-bonded L-fucopyranose residues as seen in Figure 5. Sulfonate 
(𝑆𝑂3
−) can act as a substitute for L-fucopyranose on the C-2 or C-4 with side chains of single L-
fucosyl residues and/or fuco-oligosaccharide (short fucoside). If the fucoside is present then the α-
L-fucopyranose backbone residues are joined to the fucoside side chains through an O-4 link (Ale 
et al., 2011; Moroney, O’Grady, Lordan, Stanton & Kerry, 2015). A study was done on Ecklonia 
maxima where it was determined that the fucoidan in Ecklonia maxima mainly consisted out of L-
fucose and glucose (making up to 86.71% of the fucoidan) while xylose, mannose, galactose and 
rhamnose were only present in trace amounts (January, 2016). 
 
Figure 5: Structure of fucoidan, adapted from Ale et al., (2011) 
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Laminarin is a storage β-glucan which is composed of (1,3)-β-D-glucan. Laminarin consists of 
(1,3)- β -D-glucopyranose residues where the main chain has some 6-O-branching where some β -
(1,6)-intrachain links can also be present as seen in Figure 6. There are two types of laminarin 
chains, namely M and G, where their classification is determined according to their reducing end. 
When a chain ends with 1-O-substituted D-mannitol it is an M chain and when the chain ends with 
glucose it is a G chain (Vera et al., 2011; Kadam, Tiwari & O’Donnell, 2015). The dry weight of 
laminarin can vary up to 35% of the seaweed dry weight (Kadam et al., 2015). There are factors 
that can influence the properties of laminarin such as nutritive salts, frond age, temperature, 
salinity, waves, sea current and immersion depth. The mentioned factors are also able to influence 
the bioactivity of laminarin which consist of immunomodulatory, anti-inflammatory, antitumor, 
antithrombotic, antiviral, and anticoagulant and antioxidant activities (Kadam et al., 2015; Moroney 
et al., 2015).  
 
Figure 6: Basic structure of Laminarin, adapted from Vera et al., (2011) 
Polyols 
Mannitol is a sugar alcohol (also known as polyol) and is considered to be the most abundantly 
occurring polyol (von Weymarn, 2002; Schiweck, Bär, Vogel, Schwarz, Kunz, Lüssem, Moser & 
Peters, 2011; Tonon, Li & McQueen-Mason, 2017). Mannitol has been noted to fulfil key roles such 
as carbon storage and mitigating environmental stress. Other activities and roles that has been 
demonstrated by mannitol include antioxidant activities, thermal protectant and organic osmolyte. 
In algae mannitol is produced when fructose-6-phosphate is reduced by mannitol-1-phosphate 
dehydrogenase to form mannitol-1-phosphate which is then hydrolysed by mannitol-1-phosphatase 
to form mannitol (Tonon et al., 2017). Brown seaweeds can contain approximately 10-20% 
mannitol however, similar to the polysaccharides, factors such as the season, population age, 
species and geographic locations have an influence on the mannitol content in seaweeds 
(Schiweck et al., 2011). Mannitol is mainly used as a sweetener for sugar-free chewing gum and is 
used to dust chewing gum sticks. Mannitol is additionally used for texturizing in food products and 
bodying, anticaking, as a humectant and to increase the shelf life of various foods (von Weymarn, 
2002). 
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Minerals 
Macroalgae are known to contain high levels of inorganic minerals where the content in various 
macroalgae can vary from 3.5% to 44% depending on the current conditions the algae has been 
growing in (Ross, Jones, Kubacki & Bridgeman, 2008; Murphy, Devlin, Deverell & McDonnell, 
2013; Milledge, Smith, Dyer & Harvey, 2014). It has however been determined that the macro 
minerals in brown seaweeds are sodium (Na), potassium (K), calcium (Ca), magnesium (Mg) and 
phosphorus (P) while the trace elements include iron (Fe), manganese (Mn), copper (Cu), zinc 
(Zn), cobalt (Co), molybdenum (Mo), selenium (Se) and iodine (I) (Circuncisão, Catarino, Cardoso 
& Silva, 2018).  
Proteins 
The protein content in kelp can make up to 10% of the total kelp dry weight depending on the 
growth conditions (Francis, Maneveldt & Venter, 2008)  The protein content in seaweeds can 
change depending on the species, season and age of the seaweed (Fleurence, 1999). The largest 
contributing amino acids from the proteins in seaweed are aspartic acid, glutamic acids and 
alanine. These amino acids can make up to 22-44% of the total amino acid content of brown 
seaweed (Munda, 1977; Lötze & Hoffman, 2016). The bioactivity for amino acids comes from the 
fact that they are readily available for plants to use when added to the plant’s environment. The 
various functions that these amino acids can have on a plant can include growth stimulation, 
reservation of organic nitrogen for amino acid and protein synthesis and stimulates germination 
(Paleckiene, Sviklas & Šlinkšiene, 2007). Plants are able to synthesize their own amino acids, but 
the process requires a lot of energy, and as a result the application of biostimulants containing 
amino acids allows the plants to bypass the process of amino acid synthesis and make use of 
those readily available. This allows the plant to grow and developed quicker or helps the plant to 
reconstruct at a higher pace during critical moments of development. Amino acids have shown to 
be able to chelate metal ions known as chelates of metal ions. Electrically neutral molecules are 
formed when amino acids and microelements chelate. These molecules increase the rate at which 
the amino acids are transported and absorbed into the plant (Popko, Michalak, Wilk, Gramza, 
Chojnacka & Górecki, 2018). 
Growth Hormones 
Both fresh seaweed and seaweed extracts contain plant growth promoting hormones such as 
cytokinins and auxins (Brain, Chalopin, Turner, Blunden & Wildgoose, 1973; Stirk, Arthur, Lourens, 
Novák, Strnad & Van Staden, 2004). The cytokinins contained within seaweed and seaweed 
extracts are trans-zeatin, trans-zeatin riboside and the dihydro derivatives of both (Stirk & Van 
Staden, 1997). After 31 different seaweed species underwent liquid chromatography-mass 
spectroscopy (LC-MS) it was determined that the dominant cytokinins in seaweed were zeatin (Z) 
and isopentenyl (IP) which are conjugates of cytokinins (Stirk, Novák, Strnad & Van Staden, 2003). 
Additionally aromatic cytokinins such as BAP (benzyl amine purine) and topolin are also contained 
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within seaweed concentrates (Stirk et al., 2004). Marine algae also contain auxins and compounds 
similar to auxins (Khan et al., 2009). Within the extracts of two seaweeds Ecklonia maxima and 
Macrocystis there were four amino acids and three indole conjugates of indole acetic acid (IAA) 
which is an auxin (Stirk et al., 2004). 
Betaines 
Betaines are quaternary ammonium compounds that occur naturally within seaweed that can be 
applied as a biostimulant to plants and agriculture to enhance protection against various sources of 
stress. Betaines are utilised as biostimulants due to their ability to alleviate stress caused by 
drought, high soil salinity and extreme heat (osmotic stress) (MacKinnon, Hiltz, Ugarte & Craft, 
2010). However betaines are also capable of enhancing the chlorophyll content in leaves and the 
greater chlorophyll content can increase the yield of crops (Blunden, Jenkins & Liu, 1997; Khan et 
al., 2009). When betaine is given in low concentrations it can act as a source of nitrogen and when 
given in higher concentrations it acts as an osmolyte (reduces osmotic stress) (Naidu, Jones, 
Paleg & Poljakoff-Mayber, 1987). 
Response surface methodology (RSM) statistics for optimisation 
Optimisation was previously done where the impact of only one factor at a time was investigated. 
This was done by keeping all factors constant and only changing one factor. This optimisation 
technique was normally referred to as the ‘one-variable-at-a-time’ method. This method had the 
disadvantage that it did not include any interaction between the variables in the study. This 
indicated that the method did not fully encompass all of the effects a variable could have on a 
response (Olivero, Nocerino & Deming, 1995). Furthermore the ‘one-variable-at-a-time’ approach 
required a large amount of experiments to do which resulted in a large amount of time and 
resource input (Bezerra, Santelli, Oliveira, Villar & Escaleira, 2008). 
This problem of wasting time and resources was solved by applying multivariate statistic 
techniques where response surface methodology (RSM) was the most relevant. RSM utilises 
experimental data alongside statistical and mathematical methods to fit a polynomial equation to 
the generated experimental data in order to utilise the polynomial equation to describe the system. 
This approach is valuable when response can be influenced by more than one variable. The goal is 
to allow for simultaneous optimisation of the variable to achieve the best performance from the 
system (Bezerra et al., 2008). 
The application of RSM can be divided into six steps. Step 1 is to select the independent variable, 
which can be done by looking at literature or through screening studies; step 2 is to choose an 
experimental design and conducting experiments accordingly; step 3 generate a polynomial 
function through mathematical and statistical treatment; step 4 is to evaluate the model’s fit to the 
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data; step 5 is to determine if there is a necessity for displacement towards the optimal region and 
step 6 is to obtain the optimal values for the variables (Bezerra et al., 2008).  
When selecting an experimental design the effects on the system need to be considered where 
models exist for linear functions where there is no curvature in the system and second-order 
functions are used for system that do show curvature. However to determine a critical point (or in 
this case of this study an optimum) the function needs to have quadratic terms as shown in 
Equation 1 (Olivero et al., 1995; Bezerra et al., 2008): 
𝑦 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1
+ ∑ 𝛽𝑖𝑖𝑥𝑖
2
𝑘
𝑖=1
+ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗
𝑘
1≤𝑖≤𝑗
+ 𝜀 
(1) 
where 
k = number of variables 
β0 = constant term 
βi = linear coefficients 
βii= quadratic coefficients 
βij = interaction coefficients  
xi = variables 
ε = residual 
For the parameters in Equation 1 to be estimated the variables used in the study need to have a 
minimum of three levels. The result of this requirement is that a symmetrical response surface 
design has to be used. The most commonly known designs are the Box-Behnken design (BBD), 
central composite design (CCD) and the Doehlert design (Olivero et al., 1995; Bezerra et al., 
2008). Lastly an analysis of variance (ANOVA) is conducted on the generated polynomial to 
determine the significant effects indicated by the p-value. The p-value can be described as the 
probability of getting a value that is the same or different to the actual observed result. The p-value 
(or probability value) is a measurement as to how likely the difference was caused by chance. The 
p-value can be any value between 0 and 1 where the closer the value is to 0 the more likely it is 
that the result is not caused by chance, where the confidence interval defines the threshold for 
significance (Dahiru, 2011). 
Optimisation using RSM can be done utilising the polynomials generated by the experimental 
designs where the polynomials can be used in a desirability analysis. This is more relevant when 
more than one response needs to be considered simultaneously, also known as a multi-response 
analysis. Desirability is a powerful tool that can be used to achieve a compromise between all 
involved responses. Desirability converts all the responses into a value that is scale-free. 
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Desirability functions rely on values between 0 and 1 where 0 is assigned to undesirable 
responses and 1 to desirable responses. 
Previous studies have utilised a CCD for optimisation such as the work done by Hammed, Jaswir, 
Simsek, Alam & Amid (2017) where enzyme assisted extraction was optimised on the brown 
seaweed Turbinaria turbinata, the work done by Pandiyan, Tiwari, Singh, Nain, Rana, Arora, Singh 
& Nain (2014) also used a CCD to optimise enzyme assisted extraction on Parthenium biomass 
and the study conducted by Shah, Ishmael, Palliah, Asras & Ahmad (2016) utilised a CCD to 
optimise enzymatic assisted extraction on pre-treated empty fruit bunch. 
Enzyme assisted extraction of compounds from seaweed 
In order to conduct an enzyme assisted extraction the mechanisms and flow of reaction needs to 
be understood, as such a basic review is provided in this section. A fundamental step in the 
release of compounds from seaweeds is the cell wall degradation. However the complex 
polysaccharides in the cell walls of the seaweeds are a physical barrier which limits the extraction 
efficiency of compounds from the biomass (Wijesinghe & Jeon, 2012). As previously discussed it 
was stated that seaweeds, such as Ecklonia maxima, contain a variety of bioactive compounds 
that can be utilised as biostimulants and maximum solubilisation of the seaweed biomass for 
extraction of these compounds are desired (Tiwari & Troy, 2015). Previous procedures were very 
simplistic where the process only used water or other organic solvents to extract the bioactive 
compounds from seaweed, however the yields only varied between 8-30% of the dry mass (Jeon, 
Wijesinghe & Kim, 2012). EAE reduces the need for solvents in the process making it a more 
environmentally friendly technology where the application of this method for cell wall degradation 
has been gaining traction due to previous positive impacts observed on terrestrial biomass sources 
such as grapes, apples and black currant (Wijesinghe & Jeon, 2012). This method of extraction 
shows the capability of greater solubilisation of bio material into the liquid phase and can allow the 
use of food grade commercial enzymes that are readily available. Some of the attributes of EAE 
include high catalytic efficiency and relatively good preservation of the original properties and 
activities of the extracted compounds (Wijesinghe & Jeon, 2012; Tiwari & Troy, 2015).  
The enzymatic hydrolysis (or Enzyme-assisted extraction) process involves a catalysed reaction in 
a solid-liquid system which is made up of an insoluble substrate (seaweed biomass) and a soluble 
catalyst (enzymes). The structural characteristics of the seaweed and the enzyme’s mechanism of 
action will have an influence on the rate at which the biomass will solubilise (Mansfield, Mooney & 
Saddler, 1999; Dogaris, Karapati, Mamma, Kalogeris & Kekos, 2009; Waldron, 2010; Arantes & 
Saddler, 2011). The enzymatic hydrolysis of a substrate takes place through various steps of 
complex reactions, however the overall continuous mechanism for the process can be described 
as follows (Walker & Wilson, 1991): 
Stellenbosch University https://scholar.sun.ac.za
14 
 
1) When the process starts the enzymes get transferred to the substrate particle surface from 
the bulk aqueous phase. 
2) The enzymes undergo adsorption to form enzyme-substrate (ES) complexes. 
3) The substrate then undergoes hydrolysis where the enzyme breaks down the substrate into 
various smaller chains and single components. 
4) The chains and single components then get transferred to the bulk aqueous phase.  
5) From there the remaining chains undergo additional hydrolysis where the water cleaves the 
chemical bonds in the remaining chains. 
The enzymatic hydrolysis process can be divided into 3 phases, the Fast, Intermediate and 
Inaccessible phase (Arantes & Saddler, 2011). During the Fast phase the enzyme gets adsorbed 
onto the available substrate where an initial rapid hydrolysis occurs. Afterwards the reaction rapidly 
approaches the Intermediate phase where the substrate will undergo moderate hydrolysis. By the 
end of the Intermediate phase approximately 50-70% of the available substrate is hydrolysed, 
depending on the type and concentration of the substrate and the nature and loading of the 
enzyme. Finally in the Inaccessible phase the reaction rate starts to steadily decrease as the 
reaction becomes saturated and some of the substrate can’t be reached by the enzyme (Arantes & 
Saddler, 2011). Figure 7 shows a simplified flow chart from preparing seaweed extracts using 
enzymes (Tiwari & Troy, 2015). 
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Figure 7: Process flow chart for enzymatic extract from enzymes, adapted from Tiwari & Troy (2015) 
There are several factors involved that have an influence on the extraction efficiency of enzymes. 
These factors can be divided into two main categories: substrate factors and enzyme factors where 
either set of factors can have a greater influence on the hydrolysis rate than the other depending 
on the biomass, pre-treatment and enzymes used (Dogaris et al., 2009). 
Substrate Factors 
One of the most important substrate factors is the substrate concertation (or substrate loading). 
When performing hydrolysis at high substrate loadings (15-20%) various process-related issues 
can occur such as lower enzyme effectiveness since the enzyme concentration risks becoming the 
limiting factor and the enzyme-substrate mixing (Mohagheghi, Tucker, Grohmann & Wyman, 1992; 
Mussatto, Dragone, Fernandes, Milagres & Roberto, 2008; Waldron, 2010). Another disadvantage 
is the high substrate loadings can reduce the enzyme’s ability to reach the reaction sites due to the 
increasing difficulty for the forming products to diffuse away into the aqueous phase (Waldron, 
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2010). As a result the viscosity in the hydrolysis reactor needs to be decreased as it can have a 
considerable negative impact on the enzyme-substrate mixing (Waldron, 2010). 
Another factor that needs to be considered is the structural properties of the substrate. Seaweeds 
in particular vary in their structure from influences such as the season, population age, species and 
geographic locations. These various conditions can result in significant changes in the 
polysaccharide matrix which, in turn, affect the extraction process and the compounds that get 
solubilised  (Rioux et al., 2007). 
Enzyme Factors 
Enzymatic hydrolysis can be affected by the following factors (Lu, Yang, Gregg, Saddler & 
Mansfield, 2002; Qing, Yang & Wyman, 2010; Menon & Rao, 2012; Shutova, Yusipovich, 
Parshina, Zakharkin & Revin, 2012): 
 Properties of the enzymes which can include the size, action mechanism and structure. 
 Concentration of the enzyme 
 If two or more enzymes are used for the hydrolysis then the compatibility and cooperation 
or lack thereof are also considered. 
 Process conditions such as the optimum temperature, optimum pH, enzyme stability to 
agitation and temperature and the incubation times. 
 Inhibition caused by end-products such as monosaccharides (sugar inhibition) such as 
glucose. 
Additional attention needs to be given to pH since it can be influenced throughout the reaction 
(Tiwari & Troy, 2015; Philips, 2017). Throughout the hydrolysis reaction hydrogen ions (H+) are 
formed which cleave the cell walls of the biomass through displacement reactions. However the 
formation of H+ ions throughout the process leads to a decrease in pH and as such it can change 
the pH to conditions that do not fall within the optimum operating range of some enzymes. This will 
decrease the efficiency of the process, so the pH needs to be controlled throughout process to 
ensure the process stays within the optimum operating conditions for the enzymes (Walker & 
Wilson, 1991; Tiwari & Troy, 2015; Philips, 2017). 
Table 1 contains a list of previous enzyme-assisted extractions conducted on brown seaweeds and 
the final pH and temperatures used. The enzymes in the table have been divided into two group: 
Carbohydrases and Proteases. Carbohydrase enzymes are used to catalyse the breakdown of 
carbohydrates into sugars while proteases are enzymes that catalyse the breakdown of proteins 
into amino acids. The final reaction conditions given in the table agree with theory that more 
moderate reaction conditions can be used to solubilise biomass with enzymes where the 
temperature and pH ranges are 25°C-60°C and 4-8 respectively. Both carbohydrase and protease 
enzymes were used in brown seaweed hydrolysis experiments, thus both enzymes had to be 
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considered in this study. From the studies conducted not many focused on the Ecklonia species 
and no study on the solubilisation of Ecklonia maxima as the source of biomass could be found 
which indicated a lack of information on the hydrolysis of the biomass. The goal of the majority of 
studies such as those conducted by Athukorala et al.(2006) and Kim, Li, Jung, Chang & Lee 
(2011)were focused on using EAE for the extraction of sugars in order to produce secondary 
products such as polyhydroxybutyrate and ethanol respectively. Similar studies were conducted by 
Charoensiddhi et al. (2016) where again the goal was to maximise only sugar extraction. However 
it was further reviewed by Charoensiddhi et al.(2017) that there is potential for the use of EAE in  
the solubilisation of biomass for extraction of bioactive compounds for biostimulant production 
which confirms the market potential as seen in this study. 
As previously mentioned sugars do have a significant biostimulant effect on the plants and as a 
result are a desirable compound to gain from the biomass. Nevertheless biostimluant effects have 
also been previously seen from compounds such as amino acids from biomass proteins, plant 
hormones, polyphenolic compounds, antioxidants and uronic acids from alginate (Sun & Tan, 
2013; Chakraborty, Maneesh & Makkar, 2017; Beaulieu, 2019). There is a lack of literature that 
investigated the simultaneous release of all of these compounds for biostimulant production. 
However from the studies conducted in Table 1 it was reported in all studies that the addition of 
enzyme resulted in a higher release of polysaccharides compared to using buffer solutions as 
reported in Charoensiddhi et al.(2016) and utilising EAE as a secondary extraction step as 
reported by Azizi et al.(2017) resulted in almost over 80% increase in sugars. This indicated the 
potential of using EAE as an extraction method.  
From the studies conducted by Azizi et al.(2017), Vanegas et al.(2013) and Chang, Jang, Lee, 
Kang, Kim, Lee, Choi, Kim & Shin, (2008) the sugar release into solution from hydrolysis 
experiments were measured as reducing sugars. This indicated that sugars in solution, which 
possess biostimulant potential can be measured using a reduing sugars assay. Furthermore other 
colormetric methods have been developed to measure other compounds in solutions where  
sugars that do not poses a reducing end can be measured as neutral sugars (Michaud & Laroche, 
2009; Manns, Deutschle, Saake & Meyer, 2014; Paniagua, Santiago-Doménech, Kirby, Gunning, 
Morris, Quesada, Matas & Mercado, 2017). Antioxidants, which also benefit plant growth, has been 
measured using various colorimetric methods where 5 of which have become commonly used in 
industry (Prior, Wu & Schaich, 2005; Pisoschi & Negulescu, 2012). Alginate has been measured 
using similar methods as the neutral sugars assay and shows the ability of being measured 
alongside the neutral sugars. Another beneficial compound that was discussed previously , 
polyphenolic compounds, have the benefit of having two popular colorimetric methods to use to 
measure the compounds (Khoddami, Wilkes & Roberts, 2013). Finally the crude protein in solution, 
which has been reported to also have a beneficial effect on plants and as a measurement for 
protease results, can be measured using two methods in industry namely the Kjeldahl and the 
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Dumas combustion method (Muñoz-Huerta, Guevara-Gonzalez, Contreras-Medina, Torres-
Pacheco, Prado-Olivarez & Ocampo-Velazquez, 2013; Sáez-Plaza, Navas, Wybraniec, 
Michałowski & Asuero, 2013). These methods and their advantages and disadvantages will be 
discussed in the next section. 
Table 1: Studies done on various species of brown seaweeds 
Enzyme pH Temperature Reference  Seaweed species 
Carbohydrase 
Celluclast 1.5L 5 50°C (Azizi et al., 2017) Sargassum sp. 
 
4.8 40°C (Athukorala et al., 2006) Ecklonia cava 
 
4.8 40°C (Athukorala et al., 2006) Ishige okamurae 
 
4.8 40°C (Athukorala et al., 2006) Sargassum fulvellum 
 
4.8 40°C (Athukorala et al., 2006) Sargassum homeri 
 
4.8 40°C (Athukorala et al., 2006) Sargassum coreanum 
 
4.8 40°C (Athukorala et al., 2006) Sargassum thunbergii 
 
4.8 40°C (Athukorala et al., 2006) Scytosipon lomentaria 
 
4.5 50°C (Charoensiddhi et al., 2016) Ecklonia radiata 
 
4.8 40°C (Vanegas et al., 2013) Laminaria Digitata 
  4.8 40°C (Vanegas et al., 2013) Saccharina latissima 
Cellobiase 5 50°C (Azizi et al., 2017) Sargassum sp. 
  4.8 50°C (Charoensiddhi et al., 2016) Sargassum spp 
Viscozyme 4.5 50°C (Athukorala et al., 2006) Ecklonia cava 
 
4.5 50°C (Athukorala et al., 2006) Ishige okamurae 
 
4.5 50°C (Athukorala et al., 2006) Sargassum fulvellum 
 
4.5 50°C (Athukorala et al., 2006) Sargassum homeri 
 
4.5 50°C (Athukorala et al., 2006) Sargassum coreanum 
 
4.5 50°C (Athukorala et al., 2006) Sargassum thunbergii 
 
4.5 50°C (Athukorala et al., 2006) Scytosipon lomentaria 
 
4.5 50°C (Charoensiddhi et al., 2016) Ecklonia radiata 
 
5.5 50°C (Kim et al., 2011) Laminaria Japonica 
  5.5 50°C (Kim et al., 2011) Sargassum Fulvellum 
Termamyl 120L 5.6 37°C (Athukorala et al., 2006) Ecklonia cava 
 
5.6 37°C (Athukorala et al., 2006) Ishige okamurae 
 
5.6 37°C (Athukorala et al., 2006) Sargassum fulvellum 
 
5.6 37°C (Athukorala et al., 2006) Sargassum homeri 
 
5.6 37°C (Athukorala et al., 2006) Sargassum coreanum 
 
5.6 37°C (Athukorala et al., 2006) Sargassum thunbergii 
 
5.6 37°C (Athukorala et al., 2006) Scytosipon lomentaria 
  n/a 121°C 
(Jang, Cho, Jeong & Kim, 
2012)  
Saccharina japonica 
Amyloglucosidase 
(AMG) 
4.3 25°C (Athukorala et al., 2006) Ecklonia cava 
 
4.3 25°C (Athukorala et al., 2006) Ishige okamurae 
 
4.3 25°C (Athukorala et al., 2006) Sargassum fulvellum 
 
4.3 25°C (Athukorala et al., 2006) Sargassum homeri 
 
4.3 25°C (Athukorala et al., 2006) Sargassum coreanum 
 
4.3 25°C (Athukorala et al., 2006) Sargassum thunbergii 
 
4.3 25°C (Athukorala et al., 2006) Scytosipon lomentaria 
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5.5 50°C (Kim et al., 2011) Laminaria Japonica 
  5.5 50°C (Kim et al., 2011) Sargassum Fulvellum 
 
Ultraflo L 
 
5.5 
 
40°C 
 
(Athukorala et al., 2006) 
 
Ecklonia cava 
 
5.5 40°C (Athukorala et al., 2006) Ishige okamurae 
 
5.5 40°C (Athukorala et al., 2006) Sargassum fulvellum 
 
5.5 40°C (Athukorala et al., 2006) Sargassum homeri 
 
5.5 40°C (Athukorala et al., 2006) Sargassum coreanum 
 
5.5 40°C (Athukorala et al., 2006) Sargassum thunbergii 
 
5.5 40°C (Athukorala et al., 2006) Scytosipon lomentaria 
  7 60°C (Charoensiddhi et al., 2016) Ecklonia radiata 
Alginate Lyase 5 40°C 
(Manns, Andersen, Saake & 
Meyer, 2016) 
Laminara Digitata 
 
6.3 37°C (Sharma & Horn, 2015) Saccharina latissima 
 
6.3 37°C (Vanegas et al., 2013) Laminaria Digitata 
 
6.3 37°C (Vanegas et al., 2013) Saccharina latissima 
  7.5 37°C (Sharma & Horn, 2015) Saccharina latissima 
Cellic CTec2 
5 
50°C (Sharma & Horn, 2015) Saccharina latissima 
  40°C 
(Manns, Andersen, et al., 
2016) 
Laminara Digitata 
Lactozym 6.5 37°C (Hong et al., 2014a) Laminaria Jamonica 
Spirizyme 4,5 60-63°C (Hong et al., 2014a) Laminaria Jamonica 
Cellulase  4.8 50°C (Charoensiddhi et al., 2016) Sargassum spp 
 
5 37°C (Vanegas et al., 2013) Saccharina latissima 
 
5.5 50°C (Kim et al., 2011) Laminaria Japonica 
 
5.5 50°C (Kim et al., 2011) Sargassum Fulvellum 
  5 37°C (Vanegas et al., 2013) Laminaria Digitata 
β-glucosidase 5.2 50°C (Sharma & Horn, 2015) Saccharina latissima 
Protease 
Alcalase 7 50°C 
(Sánchez-Camargo, Montero, 
Stiger-Pouvreau, Tanniou, 
Cifuentes, Herrero & Ibáñez, 
2016) 
Sargassum muticum 
  8 50°C (Charoensiddhi et al., 2016) Ecklonia radiata 
Neutrase 6 50°C (Charoensiddhi et al., 2016) Ecklonia radiata 
Flavourzyme 7 50°C (Charoensiddhi et al., 2016) Ecklonia radiata 
Pronase 8 40°C 
(Yamskov, Tichonova & 
Davankov, 1986) 
Undaria pinnatifida 
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Analytical measurements to measure groups of compounds in solution 
In order to be able to optimise the solubilisation of the seaweed biomass with enzymes using 
responses associated with some of the expected compounds in solution need to be measured in 
order to monitor the influences of processing conditions on the solubilisation efficiency. Techniques 
that are able to measure individual components will not be considered for use in the bulk of the 
study. This is due to the fact that colorimetric methods are quicker, less expensive, less time 
consuming  and will still be able to decently define the results  (Dubois, Gilles, Hamilton, Rebers & 
Smith, 1956; Blumenkrantz & Asboe-Hansen, 1973; Prior et al., 2005; Gusakov, Kondratyeva & 
Sinitsyn, 2011; Pereira, Carvalho, Cabeça & Colnago, 2013). However there are various 
colorimetric methods available and the advantages and disadvantages of each method need to be 
considered in order to decide which methods will best achieve the objectives of this study  
Reducing sugars 
Reducing sugars are formed during enzymatic assisted extraction with enzymes such as 
carbohydrases and there are two very popular methods used to measure the reducing sugar 
concentration. When the glycosidic bonds between two carbohydrates or a carbohydrate and 
noncarbohydrate moiety are severed it results in the release of reducing sugars. The two most 
popular methods for measuring the reducing sugar content to determine carbohydrase activity are 
the 3, 5-Dinitrosalicylic acid assay (DNS) and the Nelson-Somogyi assay (NS) (Gusakov et al., 
2011). These methods have the same goals however have different methods of application 
(McCleary & McGeough, 2015). 
Nelson-Somogyi assay 
The principle behind this assay is that when the reducing sugars are heated with the alkaline 
copper tartrate (made from the reagents) the copper will undergo reduction from a cupric state to a 
cuprous state where the formation of cuprous oxide can occur. The cuprous oxide is then treated 
with arsenomolybdic acid (made from the ammonium molybdate)  where the molybdic acid is 
reduced to molybdenum which results in the sample gaining a blue colour which is compared to a 
set of standards in a spectrophotometer (Gusakov et al., 2011; McCleary & McGeough, 2015). 
This method is considered to be a sensitive colorimetric method where the spectrophotometer can 
be used to measure the absorbance at various concentrations of reducing sugars (Gusakov et al., 
2011). The reagents used in this analysis include anhydrous sodium carbonate, sodium potassium 
tartrate, sodium sulphate, copper sulphate pentahydrate, sulphuric acid, ammonium molybdate and 
sodium arsenate heptahydrate (Gusakov et al., 2011; McCleary & McGeough, 2015). 
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3, 5-Dinitrosalicylic acid assay 
The principle of the DNS assay is very similar to that of the NS assay where the reduced sugars 
are boiled with the 3,5-dinitrosalicylic acid and the Rochelle salt is added afterwards to give the 
sample a red colour to be compared to a set of standards in a spectrophotometer (Miller, 1959; 
Gusakov et al., 2011; McCleary & McGeough, 2015). However this assay makes use of less 
reagents and does not use the same reagents as in the NS assay such as the copper sulphate 
pentahydrate and ammonium molybdate. The reagents used in the DNS assay include 3,5-
dinitrosalicylic acid, phenol crystals, sodium sulphite, sodium hydroxide and Rochelle salt 
(potassium sodium tartrate) (McCleary & McGeough, 2015).. 
The DNS assay is not as sensitive as the NS assay and it has been determined that the DNS 
assay can give 3-to 6-fold overestimations compared to NS.  Similar problems have been reported 
in the work done by other researchers (Robyt & Whelan, 1972; Breuil & Saddler, 1985). The higher 
estimation with the DNS assay is caused by the decomposition of cellobiose (a major product that 
cellulases produce) and the decomposition is caused by the DNS itself and as a result the 
measurement becomes 1.5 glucose and not just one reducing end group. Another reason for the 
overestimations can be attributed to the severe conditions of the DNS assay that lead to instability 
for the polysaccharides, because as part of the DNS analysis it is required to boil the sample 
(Gusakov et al., 2011) 
Neutral sugars 
Neutral sugars (or neutral monosaccharides) form part of the polysaccharide chains and can be 
found in the cell walls of seaweeds as pectin. The composition of pectin can vary, however the 
compounds that have been classified as neutral sugars include uronic acids, arabinose and 
galactose (Michaud & Laroche, 2009; Manns et al., 2014; Paniagua et al., 2017). These 
compounds are expected to be released into solution due to the cell wall polysaccharide 
degradation as solubilisation is achieved and thus can be used as a measurement for optimisation. 
There are a number of methods used in the industry to reliably measure neutral sugars in samples 
and these methods include the anthrone, orcinol, resorcinol and phenol-sulphuric acid methods 
(Masuko, Minami, Iwasaki, Majima, Nishimura & Lee, 2005). All the mentioned methods to 
determine neutral sugars are equally sensitive, however the phenol-sulphuric acid method is more 
convenient compared to the others and has some major advantages (Dubois et al., 1956; Masuko 
et al., 2005). Advantages of using this method are that it occurs rapidly, it is simple to perform and 
the results that it gives are easily reproducible. Additionally, the reagent used in the method is 
inexpensive and stable and the resulting colour that forms from the analysis is stable (Dubois et al., 
1956).  Alongside being used to determine neutral sugars, a modified version of the phenol-
sulphuric method can also be used to determine the concentration of alginate in solution in 
samples (Lötze & Hoffman, 2016). 
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Antioxidant capacity 
There are 5 popular colorimetric methods that are used to determine the total antioxidant capacity 
of samples (Prior et al., 2005; Pisoschi & Negulescu, 2012). The methods are known as the 2,2′-
azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS), ferric reducing antioxidant power (FRAP), 
cupric reducing antioxidant power (CUPRAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and N, N-
dimethyl-p-phenylenediamine (DMPD) method (Singh & Singh, 2008; Pisoschi & Negulescu, 
2012). 
For the ABTS assay a cation radical (ABTS+) is formed when the nitrogen in the ABTS loses an 
electron which results in a bluish green colour where the absorbance is measured at 743nm. When 
a hydrogen donating antioxidant such as Trolox is exposed to the ABTS radical the solution 
undergoes a decolourisation where higher decolourisation is equivalent to higher antioxidant 
capacity (Singh & Singh, 2008; Pisoschi & Negulescu, 2012). The ABTS method is simple to 
conduct, has a rapid reaction time (around 4 – 6 minutes), functionality over large pH ranges and is 
soluble in both aqueous and organic solvents. The disadvantages of the ABTS assay are that any 
compounds with a lower redox potential than ABTS will also reduce the cation radical, the ABTS 
radical can’t be found in mammalian biology and as a result it is classified as a ‘nonphysiological’ 
radical source and a quantitative analysis using the ABTS method will be difficult. (Prior et al., 
2005; Singh & Singh, 2008). 
The FRAP assay relies on the antioxidants to reduce the complex ferric ion-TPTZ (2,4,6-tri(2-
pyridyl)-1,3,5-triazine). This assay will have an intense navy blue colour resulting from the Fe2+ 
binding to the ligand. The measured absorbance can be used to determine how much iron was 
reduced and a correlation can be made to determine the amount of antioxidants (Singh & Singh, 
2008; Pisoschi & Negulescu, 2012). The advantages of the FRAP assay is that it is a rapid 
reaction, operationally simple, inexpensive and does not require specialised equipment. The 
disadvantages include that the assay is not able to measure thiol antioxidants like glutathione, the 
reliance on the ferric ion is not desirable due to the ion not being mechanistically and 
physiologically relevant to the antioxidant activity and the presence of some polyphenolic 
compounds such as ceffeic acid, tannic acid, ferulic acid, ascorbic acid and quercetin can require a 
reaction time of several hours (Prior et al., 2005; Singh & Singh, 2008). 
In the CUPRAC assay CuSO4 and neocuproine are mixed with the sample where the Cu(II) will be 
reduced to Cu(I) by the electron donating antioxidants within the sample. The absorbance is then 
measured at 450 nm (Pisoschi & Negulescu, 2012). Copper performs better than iron in antioxidant 
assays, the assay is able to measure all types of antioxidants with minimal reactive radical 
interference, has quicker reaction time than assays using iron and the reaction time for the assay is 
under 10 minutes when used on ascorbic acid, uric acid, gallic acid and quercetin. When used on 
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mixtures containing more complex antioxidants the reaction time can take up to 60 minutes (Prior 
et al., 2005). 
The DPPH free radical is classified as a stable free radical, because a spare electron is delocalised 
across the entire molecule. This allows the DPPH free radical to not dimerise as other free radicals 
do. The delocalisation on the DPPH free radical causes the purple colour that has a maximum 
absorbance at 520nm (Pisoschi & Negulescu, 2012). The reduction of the absorbance in the DPPH 
assay is linearly dependant on the concentration of the antioxidants. The antioxidants act as 
hydrogen donors where the DPPH free radicals react with the hydrogen to form the reduced form 
of the DPPH and the formation of more reduced DPPH molecules is accompanied by a decrease 
in the violet colour  (Singh & Singh, 2008; Pisoschi & Negulescu, 2012). The DPPH assay is very 
simple and rapid, only a spectrophotometer is needed, has widespread use in antioxidant studies 
and DPPH has no similarities to peroxyl radicals which react very easily in lipid peroxidation. The 
assay however is not always easy to interpret due to compounds that have overlapping spectra 
with the DPPH at 515nm, especially carotenoids (Prior et al., 2005; Singh & Singh, 2008). 
The DMPD method is similar to the ABTS method where the crucial difference is the DMPD 
method uses the hydrophilic compound, N, N-dimethyl-p-phylene-diamine. When the DMPD gets 
into contact with ferric chloride (oxidant solution, Fe3+) in acidic conditions it forms DMPD+ which is 
a radical cation of DMPD and gives the solution a purple colour. Discoloration then occurs when 
antioxidant compounds transfer hydrogen atoms to the DMPD cation which is a proportional 
indication of the antioxidant concentration (Fogliano, Verde, Randazzo & Ritieni, 1999; Gülçin, 
2008; Singh & Singh, 2008). The DMPD assay has the benefits of having a rapid reaction time, a 
stable end point which makes time variation negligible and allows for interassay reproducibility, 
economically viable and easier than many other methods that add an antioxidant to a system that 
generate radicals. It should be considered though that the assay gets interference from organic 
acids, the method is only able to measure hydrophilic compounds, the assay has decreased 
sensitivity and reproducibility when it is used to measure hydrophobic antioxidants where α-
tocopherol or butylated hydroxytoluene (BHT) are examples of hydrophobic antioxidants (Singh & 
Singh, 2008). 
Table 2 shows a more condensed summary of the antioxidant assays where it is clear that each 
method has its own benefits and drawbacks. However there is no clear optimal option due to the 
varied types of antioxidants and the decision can only be made based on the mixture that will be 
analysed (Singh & Singh, 2008).  
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Table 2: Comparison of antioxidant assays 
Method Advantages Disadvantages 
ABTS  Operationally simple 
 Rapid reaction time (4-6 minutes) 
 Can be used over a wide pH 
range 
 Soluble in aqueous and organic 
solvents and is unaffected by ionic 
strength. As such it can be used in 
multiple media to estimate the 
lipophilic and hydrophilic 
antioxidant capabilities. 
 
 Any compound with a redox 
potential that is lower than that of 
ABTS can also reduce the cation 
radical. 
 The ABTS radical is represented 
as a “nonphysiological” radical 
source. 
 As a result a quantitative analysis 
using the ABTS method will be 
difficult. 
FRAP  Redox reactions occur rapidly 
 Operationally simple 
 Inexpensive 
 Does not require specialised 
equipment 
 Not able to measure thiol 
antioxidants. 
 The assay completely relies on the 
ferric ion to measure the reducing 
capability of a sample. The ferric 
ion is however is not 
mechanistically and physiologically 
relevant to antioxidant activity. 
 Some polyphenolic compounds 
can cause the reaction time to go 
for several hours. 
CUPRAC  Copper is better than iron for 
antioxidant assays. 
 Capable of measuring all types of 
antioxidants, including thiols, with 
minimal reactive radical 
interference 
 Reaction time is better for assays 
using copper than assays using 
iron. 
 Quick reaction time (less than 10 
min) when the assay is used on 
ascorbic acid, uric acid, gallic acid 
and quercetin. 
 The assay requires longer reaction 
time (30-60 minutes) for more 
complex mixtures of antioxidants. 
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DPPH  Application of the assay is simple 
and rapid compared to other 
assays. 
 Only needs a spectrophotometer 
 Has widespread use in antioxidant 
studies 
 DPPH has no similarities to 
peroxyl radicals which are 
transient and highly reactive in 
lipid peroxidation. 
 Complicated interpretation due to 
compounds that have overlapping 
spectra with the DPPH at 515nm, 
especially carotenoids. 
 
 
DMPD  Rapid reaction time 
 Has a stable end point 
 Economically viable 
 Easier compared to other 
methods 
 Gets interference from organic 
acids 
 Only able to measure hydrophilic 
compounds 
 Decreased sensitivity and 
reproducibility when used on 
hydrophobic antioxidants  
 
Polyphenolic compounds 
There are two widely used spectrophotometric methods to measure total polyphenolics: the Folin-
Denis and Folin-Ciocalteu methods (Khoddami et al., 2013). These 2 methods refer to the redox 
reagents used in their assays, however both these assays are very similar in application. The 
reagents in both assays react with the polyphenols which leads to a phophotungstic-
phosphomolybdenum complex that result in the blue colour of the samples (Blainski, Lopes & De 
Mello, 2013). The Folin-reagent assays have the benefit of being very easy to conduct, have a low 
cost and has good correlation as long as the samples are similar. However the assays do have 
drawbacks where other constituents such as alkaloids, proteins and reducing sugars can be 
reduced by the reagent alongside the polyphenols and the assays are not able to show the 
differences in amount of the polyphenolics present in the sample. This means that the Folin-
reagent assays are not really capable of defining an exact amount of polyphenolics present in a 
sample, but just gives an overall estimate of reducing capacity (Appel, Govenor, D’Ascenzo, Siska 
& Schultz, 2001; Ainsworth & Gillespie, 2007; Blainski et al., 2013). The only differences between 
the Folin-Denis and Folin-Ciocalteu methods is that the Folin-Ciocalteu method  uses lithium 
sulphate in the reagent which gives the Folin-Ciocalteu method better sensitivity and has better 
reproducibility compared to the Folin-Denis (Singleton, Orthofer & Lamuela-Raventós, 1998).   
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Nitrogen 
An element that is essential for plants is nitrogen (N) due to the key role it plays in chlorophyll 
production, which is crucial for photosynthesis (Muñoz-Huerta et al., 2013). In literature there are 2 
methods that have high usage in regards to determining nitrogen namely the Kjeldahl method and 
the Dumas combustion method (Muñoz-Huerta et al., 2013; Sáez-Plaza et al., 2013) 
The Kjeldahl method has the most widespread use for nitrogen determination. The Kjeldahl 
method can be used to determine nitrogen in food, meat, manure, grain, waste water, soil, 
beverage and plant tissue to name a few (Muñoz-Huerta et al., 2013). This method has also been 
accepted as the standard when it comes to investigating nitrogen. In this method sulphuric acid is 
used for digesting the nitrogen-containing samples to ammonium sulphate. Afterwards the pH of 
the sample gets raised to liberate the ammonium sulphate and allows it to be measured through 
titration (Sáez-Plaza et al., 2013). In the Kjeldahl method there are reagents that can be used to 
accelerate the digestion process some of these reagents include potassium sulphate and catalysts 
such as mercuric oxide, copper sulphate-titanium oxide mix or selenium. A more recent reagent 
available for Kjeldahl are kjel-tabs which incorporate one of the mentioned catalysts with potassium 
sulphate. The Kjeldahl method that makes use of boric acid as the entrapment chemical is able to 
measure nitrogen concentrations from 1mg/mL, it is also considered to be accurate, reliable and it 
standardizes nitrogen determining methods. There are some drawbacks to this method, this 
method is considered to be lengthy, hazardous and only able to measure nitrogen in organic 
compounds such as nucleic acids, proteins, amino acids and ammonium, but not other forms of 
nitrogen like nitrate and nitrite (Muñoz-Huerta et al., 2013; Sáez-Plaza et al., 2013). 
An alternative to the Kjeldahl method is the Dumas combustion method, this method is able to 
overcome some of the drawbacks of the Kjeldahl method. In this method the sample is combusted 
under an oxygen atmosphere and it generates gases like carbon dioxide (CO2), oxygen (O2), 
nitrogen oxides (NOx), water vapour and gaseous nitrogen (N2). The final product in this method is 
N2 and the nitrogen concentration is measured by using either gas chromatography or thermal 
detectors. The advantages of this method is that it is able to measure nitrogen concentration from 
nitrite and it does not make use of toxic reagents. Nevertheless it does, however, require additional 
expensive instruments to measure and if there is incomplete combustion then there will be a loss 
of nitrogen (Muñoz-Huerta et al., 2013; Sáez-Plaza et al., 2013). 
 
 
Stellenbosch University https://scholar.sun.ac.za
27 
 
Conclusion 
Biostimulant formulations produced from algal biomass is gaining more traction due to the crop 
support and reduction in fertiliser overuse that result from their implementation. Ecklonia maxima 
can be a good source of various bioactive compounds that can be solubilised to be used in 
commercial plant biostimulant products. EAE has shown promise as a potential 
extraction/solubilisation method where studies using both proteases and carbohydrases have been 
done on other brown seaweeds. However the use of EAE on Ecklonia maxima is not found in 
literature indicating a potential investigation due to previous studies on other brown seaweed 
species. From previous studies and investigations it can be seen that reducing sugars and neutral 
sugars can be used as representative measurements of sugars in solution due to the bioactivity the 
reported sugars can have on plants alongside previously determined colorimetric methods for other 
bioactive compounds. From previous studies it was shown that RSM can be used as an 
optimisation approach using a CCD. It can be seen that colorimetric methods show capabilities to 
be used as responses to describe the solubilised products and show potential as response 
variables for optimisation. 
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Chapter 3: Problem Statement 
Enzymatic extraction presents a method for the extraction of biostimulants from kelp, but the 
extraction method and conditions needs to be determined. There is a commercial opportunity to 
make use of algal biomass resources to produce biostimulant formulations to support crop growth. 
Seaweeds have been gaining more attention for this purpose, because of the variety of positive 
bioactive compounds they poses such as proteins, amino acids, minerals and sugars. There are a 
variety of extraction methods available to extract these compounds, however enzyme assisted 
extraction is comparatively a very attractive approach to solubilise seaweed biomass due to the 
mild reaction conditions required by enzymes. The more mild conditions will lead to a less likely 
chance of degrading the bioactive compounds released into solution. Previous studies have shown 
positive results from enzymatic hydrolysis on algal biomass, however it would seem that there is no 
work reported using EAE on Ecklonia maxima and as such the industry could benefit with data 
from an additional species of seaweed. 
The aim of this study was to maximise the bulk solubilisation of the brown seaweed Ecklonia 
maxima for the extraction of biostimulants using enzymatic hydrolysis. This was achieved through 
the following objectives: 
 Utilise information available to conduct a literature study on methods commonly used to 
optimise enzymatic hydrolysis and to determine desirable parameters and how to measure 
them. 
 Screen selected groups of enzymes that are commercially available to determine the most 
efficient carbohydrase and protease from every group. 
 Conduct an optimisation for the enzymatic hydrolysis with the chosen carbohydrase and 
protease individually using temperature, pH and the enzyme to substrate ratio as the 
independent variables. The optimisation will be done by maximising the reducing sugar, 
neutral sugar, polyphenolic compounds, solubilised alginate, antioxidant capacity and 
solubilised dry material in the liquid fraction. Crude protein will act as an additional 
response for protease enzymes. 
 Implement optimised parameters in a validation experiment and measure accordingly. 
 Apply the optimised enzymatic hydrolysis at a larger scale and conduct the reaction for a 
longer period to further characterise the optimised enzymatic hydrolysis. 
 Use the screened enzymes at determined optimal condition in combination to determine if 
using both enzymes will increase the solubilisation. 
  
Stellenbosch University https://scholar.sun.ac.za
29 
 
Chapter 4: Materials and Methods 
Methodology approach 
As stated in Chapter 3, this study aims to optimise a bulk solubilisation using enzymatic hydrolysis 
on the brown seaweed Ecklonia maxima. For enzymatic hydrolysis there are various factors that 
can be considered to optimise around, some factors that have been considered are pH, 
temperature, substrate loading, enzyme loading, enzyme to substrate ratio, reaction time and 
agitation rate (Landbo & Meyer, 2001; Li, Zhang, Han & Row, 2012; Charoensiddhi, Franco, Su & 
Zhang, 2015; Hammed et al., 2017; Kumar, Minuye, Bezie & Yadav, 2018). However based on 
other optimisation studies of enzymatic hydrolysis, temperature and pH are the most prominent 
and considered to be the most significant factors as seen in Table 1 (Kumar et al., 2018). 
Additionally temperature and pH are the two most documented factors in enzyme data sheets due 
to their influence on the enzyme efficiency and because of this pH and temperature are factors that 
were taken further for optimisation in this study. A drawback of EAE is the costs associated with 
enzyme purchases, this makes the enzyme to substrate ratio (E:S ratio) a desirable factor in this 
study to use minimum amount of enzyme possible that will still lead to high solubilisation.  
In this optimisation three factors are considered to maximise the solubilisation of Ecklonia maxima 
extraction and due to this a “one-factor-at-a-time” optimisation approach is unviable. By making 
use of statistical techniques to optimise a process it will decrease the number of experiments 
required and thus make more efficient use of resources and time. Response surface methodology 
is a common technique applied in optimisation studies in combination with central composite 
design (CCD), full factorial design (FFD) or Box-Behnken design (BBD). Both the BBD and CCD 
are more economical compared to the FFD and should be considered for optimisation studies 
(Stamenković, Kostić, Radosavljević & Veljković, 2018). In this study it was decided to make use of 
RSM with a CCD with 3 additional centre points to have a better description of variance.  
Figure 8 gives a visual presentation of the scope of work that was done in this study. 
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Figure 8: Layout of the scope of work in this study 
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Enzyme selection 
In this study an optimisation of an EAE on Ecklonia maxima was conducted, however there was a 
large variety of enzymes that were available for consideration as shown in Table 1 in Chapter 2. As 
part of the study a cellulase/hemicellulase combination of enzymes were desired. Nevertheless a 
variety of enzymes were readily available to investigate for this study where Table 3 and Table 4 
show the carbohydrases and proteases that had undergone screening to find the most efficient 
carbohydrase and protease for optimisation.  
Table 3: Carbohydrases 
Enzyme Supplier Temperature range 
(˚C) 
pH 
range 
Specific Activity 
Accellerase® 1500 Du Pont 50 - 60 4 - 5 2200 – 2800 CMCU/g (a) 
Cellulase ACx8000L Enzyme Supplies 40 - 65 4.5 - 6 8000 u/g (b) 
Alginate Lyase Sigma 25-50 6.0 - 8.0 140U/g (c) 
Laminarinase AP-L Enzyme Supplies 40-50 4.5 - 6.0 2500 LAMu/g (d) 
(a) 1 CMC unit is the amount of enzyme that releases 1μmol of reducing sugar (Greenough & 
Everett, 1991). 
(b) 1 Unit is the amount of enzyme that releases 1μmol of reducing sugar (Greenough & 
Everett, 1991). 
(c) 1 Unit is the amount of enzyme to release 1μmol of reducing sugar (Cai, Chen, Ni, Zhu, Wu 
& Xiao, 2015). 
(d) 1 LAM unit is the amount of enzyme to release 1μmol of reducing sugar (Sena, Júnior, 
Neto, Taranto, Pirovani, Cascardo, Zingali, Bezerra & Assis, 2011). 
Table 4: Proteases 
Enzyme Supplier Temperature range 
(˚C) 
pH 
range 
Specific Activity 
SEBDigest B69P Advanced Enzymes 50 - 60 6 - 8 120 000 PC/g (a) 
Alcalase 2.5 L PF Novozymes 30 - 65 7 - 9  2.4 AU/g (b) 
(a) 1 PC unit is the amount of enzyme that releases 0.01 μmol of tyrosine (Deerland, 2012). 
(b) 1 AU is the amount of enzyme that releases 0.55 μmol of tyrosine (Anson, 1938). 
Enzyme screening  
The experiments were done in a 600 mL flask held in a Labotech 34L water bath and the pH was 
controlled by hand using 0.5M sodium hydroxide (NaOH) and 0.5M hydrochloric acid (HCL) with a 
burette. The samples were agitated at a speed of 200 rpm with a Dragon Lab OS40-Pro stirrer to 
allow the enzymes to make sufficient contact with the substrate and to allow for better heat and 
mass transfer within the vessel (Ingesson, Zacchi, Yang, Esteghlalian & Saddler, 2001). Both 
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temperature and pH were measured using a Milwaukee pH/ temperature bench meter (Mi 150). To 
compensate for evaporation, demineralised water was used to replace evaporated water. Samples 
were taken every hour starting from enzyme addition (which is considered the 0 hour point) and the 
sample size taken each time was 13mL. The sampled hydrolysate was immediately placed in a 
smaller water bath that was at 90°C for 10 minutes to deactivate the enzyme. Afterwards the 
samples were placed in a fridge to cool down and frozen at -20°C. 
Seaweed substrate was prepared by shredding the substrate into small particle sizes. To screen 
the enzymes, each enzyme was dosed to a 500 mL seaweed substrate and water mixture which 
was mixed in a ratio of 1:3 of substrate to water. The enzyme dosage was done according to the 
supplier’s recommendations on the wet substrate weight and adjusted to have similar activity. The 
pH and temperature were taken to values that fell within the recommended ranges as set out by 
the suppliers. Each enzyme run had an incubation time of three hours. The carbohydrases and 
proteases were only compared within their respective groups to choose the most efficient out of the 
2 groups. Table 5 and Table 6 depict the conditions used for each enzyme. 
Table 5: Experimental conditions for carbohydrases 
Enzyme Temperature (˚C) pH  Enzyme dosage (wet 
substrate) 
Accellerase® 1500 55 4.5 0.15% (v/w) 
Cellulase ACx8000L 50 5.5 0.015 % (w/w) 
Alginate Lyase 30 7.0 0.011 % (w/w) 
Laminarinase AP-L 45 5.0 0.08 % (w/w) 
 
Table 6: Experimental conditions for proteases 
Enzyme Temperature (˚C) pH Enzyme dosage (wet 
substrate) 
SEBDigest B69P 57 7 1.3 % (w/w) 
Alcalase 2.5 L PF 50 7   3 % (w/w) 
 
The screening process was conducted by comparing the responses each enzyme gave. These 
responses included reducing sugars, neutral sugars, solubilised alginate, polyphenolic compounds, 
antioxidant activity and dry material in the liquid fraction. The methods of these analytical results 
are shortly described under Analytical methods in this chapter and the methodologies are 
presented in more detail in Appendix A.  
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Inspection of enzyme action with LC-MS 
From the screening experiments Accellerase® 1500 and SEB Digest B69P were determined to 
achieve the highest results. To investigate the effects of the chosen enzymes and to determine 
what monosaccharides and oligosaccharides each one can form during hydrolysis, liquid 
chromatography–mass spectrometry (LC-MS) was conducted on samples hydrolysed with the 
enzymes. Two samples were analysed, one that was hydrolysed with Accellerase® 1500 and 
another hydrolysed with SEB Digest B69P. The experimental conditions and procedures were kept 
the same as during the screening experiments where pH, temperature and enzyme dosage were 
kept at the supplier recommendations. A volume of 2mL of each hydrolysate was centrifuged at 
13,000 rpm in a Hermle Z160M centrifuge (LASEC) where the supernatant was separated from the 
residue and the residue was discarded. The supernatant was then submitted for the LC-MS 
analysis.  
The LC-MS was conducted on the samples by the Central Analytical Facilities (CAF) at 
Stellenbosch University. The method used for the LC-MS is based on the method of Stander, Kühn 
& Hiten, (2013). In this method the samples were diluted by a factor of 10 in acetonitrile, mixed well 
using a vortex and centrifuged at 3000 rpm for 10 min where 1ml of prepared sample was added to 
a HPLC vial. The samples were analysed using a mass spectrometer fitted with an ultra-
performance liquid chromatography (UPLC) column and a photo-diode array (PDA) detector. Two 
solvents were used where Solvent A contained 10 mM ammonium acetate in water and solvent B 
contained 10mM ammonium acetate in 95% acetonitrile. The lock mass used was Leucine 
enkephalin to accurately determine the mass. 
Experimental design for enzymatic hydrolysis optimisation 
Both Accellerase® 1500 and SEB Digest B69P underwent an optimisation using a CCD 
experimental design with the order of runs randomised using Statistica (TIBCO Software Inc. 13.3). 
The results generated from the experimental design were then used to generate a model using 
RSM to be used to maximise the reducing sugar, neutral sugar, polyphenolic compound, 
solubilised alginate and antioxidant capacity from Ecklonia maxima. The three variables varied 
were temperature (X1), pH (X2) and enzyme to substrate ratio (E:S ratio) (X3). The level for each 
response was based on the recommendations provided in the data sheets from the suppliers. In 
Table 7 and Table 8 the factors and levels that were defined in this study can be seen for 
Accellerase® 1500 and SEB Digest B69P respectively. The generated CCD for each enzyme 
optimisation contained 8 edge points, 6 start points and 5 centre points which resulted in a total of 
19 experiments for each CCD. Table 9 and Table 10 give the full CCD of Accellerase® 1500 and 
SEB Digest B69P respectively. Due to more time points that were analysed in this part of the study 
the sample sizes taken at each point were only 7mL. 
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Table 7: Factors and levels for Accellerase® 1500  
Factor Unit 
Star value 
Xi=-2 
Low 
Xi=-1 
Midrange 
Xi= 0 
High 
Xi= 1 
Star value 
Xi=2 
X1, Temperature ˚C 38.18 45 55 65 71.82 
X2, pH n/a 3.0 4.0 5.5 7.0 8.0 
X3, E:S ratio v/w % 0.06 0.2 0.4 0.6 0.74 
 
Table 8: Factors and levels for SEB Digest B69P 
Factor Unit 
Star value 
Xi=-2 
Low 
Xi=-1 
Midrange 
Xi= 0 
High 
Xi= 1 
Star value 
Xi=2 
X1, Temperature ˚C 46.6 50 55 60 63.41 
X2, pH n/a 5.3 6.0 7.0 8.0 8.7 
X3, E:S ratio w/w % 0.03 0.1 0.2 0.30 0.37 
 
Table 9: CCD for Accellerase® 1500 
 
Independent Variables 
Run Temperature (˚C) pH Enzyme:Substrate ratio (v/w) 
1 45.00 4.00 0.20 
2 45.00 4.00 0.60 
3 45.00 7.00 0.20 
4 45.00 7.00 0.60 
5 65.00 4.00 0.20 
6 65.00 4.00 0.60 
7 65.00 7.00 0.20 
8 65.00 7.00 0.60 
9 38.18 5.50 0.40 
10 71.82 5.50 0.40 
11 55.00 2.98 0.40 
12 55.00 8.02 0.40 
13 55.00 5.50 0.06 
14 55.00 5.50 0.74 
15 (C) 55.00 5.50 0.40 
16 (C) 55.00 5.50 0.40 
17 (C) 55.00 5.50 0.40 
18 (C) 55.00 5.50 0.40 
19 (C) 55.00 5.50 0.40 
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Table 10: CCD for SEBDigest B69P 
 
Independent Variables 
Run Temperature (˚C) pH Enzyme:Substrate ratio (v/w) 
1 50.00 6.00 0.10 
2 50.00 6.00 0.30 
3 50.00 8.00 0.10 
4 50.00 8.00 0.30 
5 60.00 6.00 0.10 
6 60.00 6.00 0.30 
7 60.00 8.00 0.10 
8 60.00 8.00 0.30 
9 46.59 7.00 0.20 
10 63.41 7.00 0.20 
11 55.00 5.32 0.20 
12 55.00 8.68 0.20 
13 55.00 7.00 0.03 
14 55.00 7.00 0.37 
15 (C) 55.00 7.00 0.20 
16 (C) 55.00 7.00 0.20 
17 (C) 55.00 7.00 0.20 
18 (C) 55.00 7.00 0.20 
19 (C) 55.00 7.00 0.20 
 
Optimisation of enzymatic hydrolysis 
From the experimental design previously discussed there were two sets of 19 experimental runs 
which had to be conducted to optimise the enzymes. The seaweed substrate was shredded in to 
small particle sizes, similar to the enzyme screening experiments, and mixed with water in a 1:3 
ratio of substrate to water. Samples were divided into 500mL samples and frozen on the same day 
it was received and were defrosted at room temperature before every experimental run. The 
experiments were conducted in a similar way as the screening experiments, where the 500mL 
substrate mixture was added to a 600mL beaker and placed in a Labotech 34L water bath. 
Solutions of 0.5 M NaOH and HCl were used to control pH with a burette and the pH and 
temperature were measured using a Milwaukee pH/ temperature (model Mi 150) bench meter.  
For each run the pH and temperature were first adjusted to the required values as set out in the 
CCD before the required amount of enzyme was added. Each run was agitated at 200rpm with a 
Dragon Lab OS40-Pro stirrer and the incubation time was kept constant at 6 hours. A sample was 
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taken every hour starting from the point of enzyme addition. The enzyme in every sample was 
deactivated at 90˚C for 10 minutes where after it was cooled down in a fridge and frozen at -20°C. 
Samples were thawed before undergoing analyses where they were centrifuged at 13 000 rpm in a 
Hermle Z160M centrifuge (LASEC). The residue was discarded and the supernatant was split to 
measure the required responses. 
The responses used to optimise the hydrolysis were reducing sugars, neutral sugars, solubilised 
alginate, polyphenolic compounds, antioxidant capacity, dry material in the liquid fraction and crude 
protein. All of these responses were measured over time and the methods for the measurements 
are shortly described in this chapter and a more detailed description can be found in Appendix A. 
Using all of the data that was generated a model was developed for each response variable for the 
hydrolysis with the enzymes which would be used to predict response results, and by extension the 
optimum, within the defined range in this study. These models provided a mathematical indication 
as to the connections that the independent variables (Temperature (X1), pH (X2) and Enzyme to 
substrate ratio (E:S ratio) (X3)) had with the responses (reducing sugars, Y1, neutral sugars, Y2, 
polyphenolic compounds, Y3, solubilised alginate, Y4, antioxidant capacity Y5, Crude protein, Y6 
and dry material in the liquid fraction (%DM) Y7). These generated models assisted in confirming 
the trends of the hydrolysis process. The models were developed as a quadratic polynomial 
equation as shown in Equation 2: 
𝑌𝑖 = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2 + 𝑏3𝑋3 + 𝑏11𝑋1
2 + 𝑏22𝑋2
2 + 𝑏33𝑋3
2 + 𝑏12𝑋1𝑋2 + 𝑏13𝑋1𝑋3 + 𝑏23𝑋2𝑋3 (2) 
where 
b0 = intercept 
bi = linear coefficients 
bii = squared coefficients 
bij = interaction coefficients 
Xi = independent factors 
Yi = response variable 
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Analytical methods 
Sample preparation. 
All samples were defrosted at room temperature before analysis. After defrosting samples were 
centrifuged at 13 000 rpm to separate the solubilised material and biomass residue. The 
supernatant was kept for analysis while the residue was discarded. 
Reducing sugars 
After comparing the reducing sugar assays from Chapter 2 it was determined that the DNS assay 
was to be used in the study. Even though the actual values might be estimated too high, the 
relative values were only required in order to optimise the hydrolysis. This decision was made, 
because after comparing the methodology and reagents it was determined that (Gusakov et al., 
2011): 
 The DNS assay is more commonly used than the NS assay and as a result the chemicals 
required are more readily available. 
 The chemicals used in the DNS assay are less than in the NS assay and as such costs 
associated with the analysis will be less. 
 The methodology of DNS assay is less complex than the NS assay. 
 Even though the actual values from the DNS assay might be higher than the true values the 
relative values will still allow for optimisation 
The reducing sugars were measured using a modified DNS reducing sugar assay by Miller (1959) 
in a 96-well microplate in triplicate. A DNS solution was prepared where the solution consisted of 
1% (w/v) DNS reagent, 0.2% (w/v) phenol, 1% NaOH (w/v) and the rest made up with 
demineralised water. The solution was covered in foil and stored in a fridge. In a 1.5mL tube 500μL 
of DNS solution was added to 500μL of seaweed extract. The mixture was sealed and heated at 
90°C for 15 minutes. Afterwards 170μL of a 40% (w/v) potassium sodium tartrate solution was 
added to stabilise the colour. The samples were then left to cool down to room temperature where 
afterwards 300μL of each sample was added to a well and the absorbance was read at 590nm in a 
microplate reader (BioTek ELx 800). A standard curve was prepared in the same way using known 
concentrations of glucose. The reducing sugar concentrations were determined using the standard 
curve (Appendix A, Table 21) where the concentration was reported as grams glucose equivalent 
per litre (gGE/L). 
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Neutral sugars 
The phenol-sulphuric acid method is more convenient compared to the others and has some major 
advantages (Dubois et al., 1956; Masuko et al., 2005). Advantages of using this method are that it 
occurs rapidly, it is simple to perform and the results that it gives are easily reproducible. 
Additionally, the reagent used in the method is inexpensive and stable and the resulting colour that 
forms from the analysis is stable which made this method the most desirable to use in this study 
A modified version of the phenol-sulphuric acid method by Masuko et al. (2005) was used to 
measure neutral sugars in a 96-well microplate in triplicate. In this method 750μL of 98% sulphuric 
acid was added to 250μL of sample in a 1.5mL tube and vortexed for good mixing. Afterwards 
150μL of a 5% (w/v) phenol solution was added. The samples were then incubated in a water bath 
at 90°C for 5 minutes and cooled down using water for 5 minutes. In a microplate well, 300μL of 
sample was added and measured at 490nm using a microplate reader (BioTek ELx 800). Known 
concentrations of glucose was used for the standard curve and the curve was prepared in the 
same way. The glucose standard curve (Appendix A, Table 22) was used to determine the neutral 
sugars concentrations and the results were reported as gram glucose equivalent per litre (g GE/L) 
Solubilised alginate 
To measure the solubilised alginate the method described by Lötze & Hoffman (2016) was used 
with a 96-well microplate in triplicate. In a 2mL tube 1mL of 1M HCl was added to 1mL of kelp 
hydrolysate to precipitate the alginate. The mixtures were then centrifuged at 13 000 rpm for 10 
min and the supernatant was discarded. To the solid pellet 0.5M HCL was added up to a volume of 
2mL and the mixture was vortexed to resuspend the solid pellet. The mixture was centrifuged 
again at 13 000 rpm and the supernatant was discarded. A 1mL 3% (w/v) sodium carbonate 
(Na2CO3) solution was added to the solid pellet and vortexed to allow thorough mixing. The mixture 
was incubated at 50°C for 20 minutes where afterwards the sample was centrifuged at 13 000 rpm 
to separate out any other impurities and the supernatant was kept for final analysis. A phenol-
sulphuric acid solution (1%(v/v) of 80%(w/v) phenol solution and 99%(v/v) of pure sulphuric acid) 
was added to 0.5mL of the prepared kelp sample. In a well 300μL of sample was added and the 
absorbance was measured at 490nm in a microplate reader (BioTek ELx 800). Sodium alginate 
was used for the standard curve which was prepared in the same way. The sodium alginate 
standard curve (Appendix A, Table 23) was used to measure the alginate concentration and the 
results were reported as grams sodium alginate equivalent per litre (g SAE/L). 
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Total polyphenolic content 
Due to the advantage of possessing better sensitivity and reproducibility compared to the Folin-
Denis assay the Folin-Ciocalteu assay was used to measure the polyphenolic content in this study. 
The total polyphenolic content was measured using a modified Folin-Ciocalteau assay from 
Ainsworth & Gillespie (2007) in a 96-well microplate in triplicate. In a 2mL tube 30μL of sample and 
500μL of water was added. Afterwards 100μL of the Folin-Ciocalteu reagent was added and the 
mixtures were left to stand for 6 minutes. After the time has passed 1 mL of a 7%(w/v) sodium 
carbonate (Na2CO3) was added along with an additional 300μL of water. The samples were left to 
stand at room temperature for 90 minutes before they were taken for analysis. In a well 300μL of 
sample was added and the absorbance was measured at 750nm in a microplate reader (BioTek 
ELx 800). A standard curve was made with gallic acid in the same way. The gallic acid standard 
curve (Appendix A, Table 24) was used to determine the concentration of the total polyphenolic 
content and the result was reported as grams gallic acid equivalent per litre (g GAE/L). 
Antioxidant capacity 
After comparing the assays and considering the process will be scaled up it was decided to use the 
DMPD assay for this study since the method is quick and easy to use, requires less equipment, the 
assay is cost effective and the study is based on hydrolysis and so hydrophobic compounds will 
not be a concern. 
To measure the total antioxidant capacity the method described by Fogliano et al. (1999) was used 
with a 96-well microplate in triplicate. A 0.1M acetic acid buffer was prepared by mixing 0.1M 
sodium acetate solution and 0.1M acetic acid solution. A DMPD radical solution was made by 
mixing the buffer, 100 mM DMPD solution and a 0.05M FeCl3 solution. In a 2mL tube 80μL of 
sample and 1.6 mL of the DMPD radical solution were mixed where the mixture was vortexed to 
allow for good mixing. All samples were then left to stand for 10 minutes. In each well 300μL of 
sample was added and the absorbance was measured at 490nm in a microplate reader (BioTek 
ELx 800). Trolox was used for the standard curve (Appendix A, Table 25) and results were 
reported as grams trolox equivalent per liter (gTE/L). 
Measuring dry material in solution  
The dry material in the liquid fraction was analysed in a KERN DBS moisture analyser under the 
recommended conditions for plants and vegetables by Ohaus (2016). The moisture analyses were 
done in using a volume of 300μL. For each moisture analysis a foil boat was used to hold the 
sample and a temperature of 180°C was used in the moisture analyser (Kern DBS). Results were 
reported as percentage of the total weight. 
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Kjeldahl for measuring crude protein 
To make the nitrogen measurements more cost effective and to avoid additional steps that wold 
require more personnel, the Kjeldahl method was used within this study. Additionally a conversion 
factor for crude protein in seaweed samples was determined to be 4.97 for the Kjeldahl method 
which increased the accuracy of the results of the seaweed samples used in this study (Angell, 
Mata, de Nys & Paul, 2016). 
The Kjeldahl method (AOAC 978.04) was used to estimate the crude protein in samples by 
determining the total nitrogen. In this method samples were digested at 420˚C with kjel-tab 
catalysts (CaSO4·5H2O and K2SO4) from VELP Scientifica and sulphuric acid (H2SO4). The 
digested samples were then diluted using water and NaOH was added to liberate ammonia (NH3). 
The solution underwent distillation where the NH3 was evaporated and trapped in a boric acid 
(H3BO3) solution. Afterwards an HCl endpoint titration was conducted on the boric acid containing 
the NH3 to estimate the percentage nitrogen and from there the conversion factor for seaweed 
samples was used to calculate the crude protein. 
Validation of optimisation 
Using the analyses, as previously discussed, on the samples generated from every experimental 
run defined by the CCD’s, data was generated for every response. The statistics conducted on the 
generated data was used to fit a response surface and an optimisation for the Accellerase® 1500 
and SEB Digest B69P was conducted. With the theoretically determined optimal conditions a 
validation experimental run was done to determine the accuracy of the developed prediction 
models. To determine if the models were suitable for predicting the outcomes of each output 
variable the results generated for both cases were compared and an error was determined using 
equation 3 where the results were used to determine if the models were suitable to describe the 
system.  
𝐸𝑟𝑟𝑜𝑟 (%) =
𝑌𝑚𝑜𝑑𝑒𝑙 − 𝑌𝑣𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛
𝑌𝑚𝑜𝑑𝑒𝑙
× 100 (3) 
 
where 
Ymodel = The predicted result from the statistical model 
Yvalidation = The experimentally determined result 
After confirming the prediction models to be able to sufficiently predict (Error less than 25%) the 
experimental results another EAE was done at an upscale in volume to further characterise the 
optimised enzymatic hydrolysis. Two different experimental runs were conducted at the larger 
scale. The first was conducted at the optimal conditions similar to the validation experiment, 
Stellenbosch University https://scholar.sun.ac.za
41 
 
however the experiment was left to run for 28 hours to investigate the validation over a larger time 
period. A regression was conducted on the results to investigate where the appropriate reaction 
time was using reaction kinetics from Fogler, 2006. The model was based on the rate of generation 
as shown in equation 4: 
 
𝑟𝑝 = 𝑘[𝑃]𝑛
𝑚
 
 
(4) 
Where 
rp= Rate of generation of product (g/l.h) 
k= rate coefficient (h-1) 
[P]n= Concentration of product (g/l) 
m= order of reaction 
The model was then utilised to predict the product concentration using equation 5: 
 
[𝑃]𝑛 = [𝑃]𝑛−1 + 𝑟𝑝∆𝑡 
 
(5) 
Where 
[P]n= Product concentration at current point (g/l) 
[P]n-1 = Previous product concentration (g/l) 
rp = rate of generation of product (g/l.h) 
Δt= time difference (h) 
Using the method of sum of squares regression while using ‘k’ and ‘m’ as the regression variables 
the solver program in Excel 2016 was used to solve the variables by minimising the total of the 
sum of squares.  
The second up-scaled experiment combined the effects of the Accellerase® 1500 and SEB Digest 
B69P to investigate the possibility of further maximising the solubilisation process. The process 
started off first by adding the Accellerase® 1500 to hydrolyse polysaccharide chains and the 
protease was added to hydrolyse proteins potentially exposed by the Accellerase® 1500. The SEB 
Digest B69P was only added after Accellerase® 1500 due to the risk of the protease hydrolysing 
the carbohydrase before it had a chance to hydrolyse the polysaccharides. Alongside the larger 
scale run a blank (no enzyme, same pH and temperature) experimental was also conducted to be 
able get a better indication as to the effect of the enzyme alone on the extraction.  
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Together with the defined responses some additional responses were measured to characterise 
the large scale combination run. These responses included HPLC to characterise the glucose and 
mannitol released by Accellerase® 1500, free amino acids released by the protease and 
mannuronic acid to guluronic acid ratio (M/G ratio) from alginate to see whether the ratio was 
changed in the solution during hydrolysis. HPLC was conducted by local Analytical staff within the 
Process Engineering Department and the free amino acids and M/G ratio was conducted at the 
Central Analytical Facilities (CAF) of Stellenbosch University. For these responses all samples 
were prepared according to the method set out by Sluiter, Hames, Ruiz, Scarlata, Sluiter & 
Templeton (2006). In each 5mL liquid sample 72% (w/w) H2SO4 was added until the concentration 
of H2SO4 in every mixture was 4%(w/w). Following the acid addition all samples were transferred 
over into glass Mckenzie bottles, sealed and autoclaved at 121°C for 1 hour and left to cool down 
to room temperature. Samples were then neutralised using calcium carbonate (CaCO3) to a pH of 
5-6 and the liquid was decanted off. Finally the liquid was filtered through a 0.22 micron nylon filter 
with a syringe.  
HPLC was conducted by analytical staff in the Process Engineering Department. The HPLC was 
conducted with a Dionex 3000 system with ELS detection and a Water Xbridge 4.6x250mm 
column. Two eluents were used which were water mixed with 10mM ammonium acetate 
(C2H7NO2) and 0.0125% ammonia (NH4OH) which was referred to as eluent A and 85% 
acetonitrile (CH3CN) mixed with 10mM C2H7NO2 and 0.0125% NH4OH which was referred to as 
eluent B. 
Free amino acids were analysed using Ultra Performance Liquid Chromatography (UPLC) 
separation using a photodiode array (PDA) detector. An AccQ-Tag Ultra amino acid kit from 
Waters was used to conduct the UPLC analysis where the derivatisation was done with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC). 
The mannuronic to guluronic acid ratio (M/G ratio) of the resulting hydrolysate was measured to 
determine the physicochemical properties of the alginate from the seaweed sample and the 
mannuronic and guluronic acid blocks present in solution as a result of the developed process. 
This measurement was conducted using a Waters BEH C18 column at 30°C with a flow rate of 0.3 
mL/min and an injection volume of 15μL. The ratio was determined from the method from Fertah et 
al., 2017 where equation 6 was used to determine the M/G ratio. 
 
M/G ratio = 
1−𝐹𝐺
𝐹𝐺
 
 
(6) 
where 
FG= Guluronic acid fraction (area under the peak) 
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Statistics 
Excel 2016 was used to compare data for the enzyme screening process where at each time point 
a single factor ANOVA was conducted on the triplicate measurements. Whenever the ratio of 
variance between groups to the variance within groups (F-ratio) was higher than the critical F-ratio 
(Fcrit) then the differences between groups were considered significantly different and compared to 
determine the most efficient enzyme for optimisation. The optimisation of the chosen enzymes 
were done using RSM and graphing tools in Statistica (TIBCO Software Inc., v13.3). For the 
models generated for the data in this study a desirability analysis was conducted using Statistica 
(TIBCO Software Inc., v13.3) to determine the optimal temperature, pH and E:S ratio that would 
result in the maximum solubilisation for all of the desired responses. For the desirability analysis a 
desirability had to be assigned to each response where a 0 was no desirability (minimum) and 1 
was a high desirability (maximum) where in this study all of the responses were desired to be at a 
maximum. A confidence interval of 95% was used throughout the study where differences between 
means and effects were considered to be significant at p-values <0.05. The data in the study are 
presented as mean ± standard deviation.  
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Chapter 5: Results and Discussion 
Enzyme screening 
Carbohydrases 
The following responses were used to screen the carbohydrases: Reducing sugars, Neutral 
sugars, Solubilised alginate, polyhenolic compounds and Antioxidant capacity. A percentage 
change for every hour (up to 3 hours) with reference to the starting point of enzyme addition (0 
hours) was determined. The data is presented as a percentage difference where a positive result 
indicated an increase of the response in the solution while a negative result indicated a decrease. 
The results are presented as a percentage, because the conditions for every experiment were 
adjusted to the required pH and temperature first before the enzyme was added. This allowed for 
the solubilisation of the biomass from every enzyme to be more comparable in order to determine 
the most efficient enzymes. More detailed statistical results and the raw data used for this are 
given in Appendix B. 
Reducing sugars 
Figure 9 shows the change of reducing sugars for each enzyme over time along with the 
determined p-values.  
 
Figure 9: Reducing sugar results for carbohydrase enzymes, presented as mean ± standard deviation 
 
The reducing sugar results within the first hour were considered to not be significantly differentwith 
p>0.05 which indicated the groups were not considered significantly different. However after the 
first hour a significant difference between the groups were observed. After 3 hours of enzymatic 
hydrolysis both the Accelerase® 1500 and Cellulase Acx 8000L had a continued release of 
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reducing sugars which reached 65.6% and 9.48% respectively. This could have been attributed to 
the nature of Accellerase® 1500 which consisted out of exoglucanases, endoglucanases, hemi-
cellulases and beta-glucosidases. Both Accellerase® 1500 and Cellulase Acx 8000L contained β-
glucosidase activities which is indicated by the increase in the results observed, however 
Accellerase® 1500 was designed to be a more aggressive mixture to ensure larger conversions of 
cellobiose to glucose which resulted in the higher performance.  The experimental runs with 
alginate lyase and Laminarinase AP-L had undergone a significant decrease from the second to 
third hour of hydrolysis where a decrease from 41.2% to 21.9% occurred for Laminarinase AP-L 
and from 16.7% to -29.6% for alginate lyase which indicated sugars going out of solution.  This 
result could have been attributed to secondary reactions such as possible Maillard reactions that 
possibly occured at pH 5-7 and at 37°C or higher which overtook the sugar solubilisation reactions 
(Ajandouz, Tchiakpe, Dalle Ore, Benajiba & Puigserver, 2001). This was further supported by a 
previous study where it was seen that both endo- and exo-type alginate lyases reached a 
saturated reaction after approximately 80 minutes with a 45.5% conversion from the theoretical 
(Wang, Kim, Yun, Kim, Park, Woo & Kim, 2014). It could be said that the alginate lyase reached a 
saturated reaction after 80 minutes where the hydrolysis continued up to three hours giving 
sufficient time for Maillard reactions to occur which consumed available sugars in solution. 
Additionally the alginate lyase target substrate was the alginate in the biomass which indicated that 
it released sugars from the matrix as it solubilised some of the alginate, however since sugars 
were not the main product for the enzyme to produce the influence of possible Maillard reactions 
were more apparent on the sugars released.  Laminarinase AP-L showed a more middling result 
due to having only β-1,3 and β-1,6 glucanase activities that made only laminarin the target 
substrate for the enzyme and none of the other available polysaccharides. From the results 
Accellerase® 1500 showed the best result compared to the other carbohydrases considered for 
this study when the release of reducing sugars was considered.  
 
Neutral Sugars 
The yields of neutral sugars and the p-values generated from the statistical analyses of the data 
points are depicted in Figure 10.  
Stellenbosch University https://scholar.sun.ac.za
46 
 
 
Figure 10: Neutral sugar results for carbohydrase enzymes, presented as mean ± standard deviation 
 
From the statistical results there was no significant difference between the means within the first 
hour (p>0.05) which indicated they were all considered the same.  , however afterwards the means 
between groups were significantly different. In the third hour Accellerase® 1500 and Cellulase Acx 
8000L underwent a decrease from two hours where the change decreased to 19.6% and -0.56% 
for Accellerase® 1500 and Cellulase Acx 8000L respectively.  Alginate lyase showed a final result 
of-5.72%, which was again a possible result of Maillard reactions. These observations can again 
be contributed to the same observations made for the reducing sugars when considering the 
enzyme activities. Nevertheless Accelerase® 1500 showed the best result for the release of 
neutral sugars from the seaweed biomass with a final result of 19.6%. 
Solubilised alginate 
Alginate was taken as a response due to being a significant part of brown seaweed structures and 
the biostimulant effects it can have as mentioned in Chapter 2.  The changes in the solubilised 
alginate and the statistical evaluations are shown in Figure 11.  
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Figure 11: Solubilised alginate results for carbohydrase enzymes, presented as mean ± standard deviation 
From the statistical results conducted on the groups it was shown that there was no difference 
between the groups (p>0.05). This could have been a result of the large error observed within the 
results, which was potentially caused by the low amounts of alginate that precipitated out 
throughout the alginate assay from the variant of Ecklonia maxima used in this study. The data 
could not be updated or repeated to ensure enough substrate was available for the entire study. 
None of the enzymes other than alginate lyase had any activity in regards to alginate and the 
solubilisation thereof which would explain the negative changes observed in the data, however 
only alginate lyase showed a more consistent positive effect due to the activity the enzyme had 
towards alginate in the results. However due to the lack of significance in the data no enzyme in 
this set could have been shown as better compared to the others. 
Polyphenolic compounds: 
Due to the presence of polyphenols, as mentioned in Chapter 2, the measurement of polyphenolic 
compounds was included as the fourth response variable. The yields of the polyphenolic 
compounds and statistical results are presented in Figure 12 
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Figure 12: Polyphenolic compounds results for carbohydrase enzymes, presented as mean ± standard deviation 
From the presented results the mean concentrations of polyphenolic compounds were significantly 
different at every hour of hydrolysis (p<0.05).  . . During the third hour of hydrolysis, the results 
showed that each enzyme had a significant increase of polyphenolic compound, and that 
Accellerase® 1500 showed the highest positive change of polyphenolic compounds in solution of 
28.07% and alginate lyase had the lowest of 6.48%.The Folin Ciocalteu reagent used in the assay 
also binds with compounds that poses a reducing end such as reducing sugars or ,in other cases, 
nitrogen (Appel et al., 2001; Ainsworth & Gillespie, 2007; Blainski et al., 2013). Additionally it has 
been determined that alginate oligosaccharides can also poses a reducing end similar to reducing 
sugars (Wang et al., 2014). As a result a potential explanation for the decreases observed in the 
polyphenolic compounds could have been the result of the changing reducing sugars and alginate 
in solution as previously observed in the reducing and neutral sugar responses which influenced 
the end result of the assay. The Folin-Ciocalteu method also acts as an antioxidant measurement 
and as a result the higher values achieved for Celluase Acx 8000L, Laminarinase AP-L and 
Accellerase® 1500 can be attributed to the interaction that occurs between polyphenols and 
polysaccharides during processing where the polyphenols bind to polysaccharides upon cell wall 
disruption (Renard, Watrelot & Le Bourvellec, 2017; Zhu, 2018). This is further supported by 
Accellerase® 1500 faring the best for the sugar responses which indicated greater cell disruption. 
This indicated that Accellerase® 1500 showed the most promise for the extraction of polyphenolic 
compounds. 
Antioxidant capacity 
As outlined in Chapter 2, bioactive compounds obtained from Ecklonia maxima can also include 
antioxidants. Figure 13 depicts the changes observed in the antioxidant concentrations with the p-
values obtained from statistical analysis. 
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Figure 13: Antioxidant capacity results for carbohydrase enzymes, presented as mean ± standard deviation 
For the antioxidant capacity response the highest antioxidant result did not necessarily indicate 
that the highest amount of polyphenols are present in that sample. There are various compounds 
from algal biomass, other than polyphenols, that contribute to the antioxidant capacity of each 
sample which have been reported to be peptides and polysaccharides (Bleakley & Hayes, 2017; 
Barkia, Saari & Manning, 2019). From the results given the means of the antioxidant yields were 
significantly different (p<0.05) for all three hours of the hydrolysis time.  .  Throughout all three 
hours it was shown that Cellulase Acx 8000L had the highest change in antioxidants compared to 
the other enzymes. However the determined results remained at 11% which indicated that 
Cellulase Acx 8000L achieved the maximum antioxidant capacity after 1 hour of hydrolysis where 
the concentration in solution did not significantly change.  Meanwhile both Laminarinase AP-L and 
Accellerase® 1500 both showed an increasing positive change going from 1.39% in the first hour 
to 4.02% in the final hour for Laminarinase AP-L and from 0.43% in the first hour to 1.88% in the 
final hour for Accellerase® 1500. The positive values achieved were an indication of the 
solubilisation of the polysaccharides from the cell walls due to the contribution to the antioxidant 
capacity sugars can provide. Alginate lyase showed a continued decrease throughout the 
hydrolysis time going from -3.97% to -4.70% due to possessing minimal to no activity for 
polysaccharides which was a source of antioxidants. From these results it was indicated that 
Cellulase Acx 8000L showed the most promise for the extraction of antioxidants. 
Solubilised dry material in solution 
The final response measured for the carbohydrase enzyme screening included the dry material in 
the liquid fraction. Only the final hour was measured in triplicate for this response where the results 
are shown in Figure 14.  
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Figure 14: Dry material in the liquid fraction results for carbohydrase enzymes, presented as mean ± standard deviation 
From statistical analysis the samples had a p-value <0.05 which indicated that the means were 
significantly different. Accelerase®1500 achieved the highest amount with a value of 4.0%. The 
better result for Accellerase® 1500 can be further supported by the reducing sugar, neutral sugar 
and polyphenolic responses where the enzyme achieved significantly higher amounts in solution 
resulting in the higher amount of dry material in solution. This indicated that the presence of 
Accellerase® 1500 allowed for higher solubilisation of the algal biomass compared to the other 
enzymes. 
In summary of the results for the carbohydrase enzymes Accellerase® 1500 showed the highest 
increase in four different responses namely reducing sugars, neutral sugars, polyphenolic 
compounds and dry material where the responses it generated were considerably higher 
compared to the responses from the other enzymes. Cellulase Acx 8000L only showed the highest 
increase in the release of antioxidants and no significantly discernible results were found for the 
solubilised alginate response. Within this study alginate lyase did not differ significantly from the 
other treatments in any of the responses measured in this study, however even though it did not 
have a significantly different mean for solubilised alginate it still showed the most positive effect on 
the solubilised alginate. This may also indicate that  for alginate lyase to generate a significant 
result it needs to be combined with another carbohydrase enzyme (Manns, Nyffenegger, Saake & 
Meyer, 2016). However there was large variation observed in responses such as the reducing 
sugars, neutral sugars and solubilised alginate. A possible cause for this variation was the small 
amounts of samples used in each measurement due to having very limited sample per 
measurement, due to all the different measurements that had to be performed. Additional 
contribution to variability seen in reducing sugars and neutral sugars may have been caused by the 
large dilution factors applied of between 64 and 128, in order to dilute the sample sufficiently to fall 
in the linear range of the spectrophotometric assays. For the solubilised alginate response very 
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small amounts of alginate precipitated out which could have contributed to the large variability 
observed. Nevertheless considering the aim of this study was to maximise the solubilisation of the 
seaweed biomass, Ecklonia maxima, a greater significance was given to the results obtained from 
reducing sugars, neutral sugars and dry material. This was accompanied by the bioactivity that 
sugars can provide to plants where they can contribute to a plant’s metabolism, their ability to 
assist with the signalling pathways to defence genes and their positive influence on antimicrobial 
and antifungal defences in plants (Khan et al., 2009; Vera et al., 2011; Trouvelot et al., 2014; 
Torres et al., 2018). These bioactivities made sugars a very desirable substance to have in a 
biostimulant product. This led to the conclusion that Accellerase® 1500 showcased the highest 
results in the majority of measured responses and based on these results, Accellerase® 1500 was 
therefore chosen for optimisation for the remainder of this study. 
Proteases 
In the same way as the carbohydrases Reducing sugars, Neutral sugars, Solubilised alginate, 
polyphenolic compounds and antioxidant capacity were used as the parameters to determine the 
most efficient enzyme out of the protease group. A percentage change for every hour (up to 3 
hours) with reference to the starting point of enzyme addition (0 hours) was determined. The data 
is presented as a percentage difference where a positive result indicated an increase in the 
solution while a negative result indicated a decrease. More detailed statistical results and the raw 
data used are given in Appendix B. 
Reducing sugars 
Although proteases do not directly hydrolyse polysaccharides, reducing sugars might be released 
from the cellular matrix when proteins (which form an integral part of the matrix) are hydrolysed. 
Figure 15 gives the yields obtained for reducing sugars and the p-values from statistical results. 
 
Figure 15: Reducing sugar results for protease enzymes, presented as mean ± standard deviation 
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 From the results presented the results obtained within the first hour are not considered 
significantly different (p>0.05), however all results obtained from the second and third hour were 
considered significantly different (p<0.05). From the changes presented in Figure 15 it was shown 
that SEB Digest B69P achieved the maximum change in the third hour of hydrolysis where there 
was a large increase in reducing sugars. This large increase could have been an indication that 
SEB Digest B69P is releasing reducing sugars from the matrix through the hydrolysis of the 
proteins. However an opposite trend was seen between two and three hours for Alcalase 2.5L PF 
where a decrease was observed from 27.59% to 14.83%. Considering these results SEB Digest 
B69P showed the best impactl than Alcalase 2.5L PF. 
Neutral sugars 
For the neutral sugars the same purpose applied as stated for the reducing sugars. Figure 16 gives 
the results of the changes in neutral sugars generated by the proteases with the p-values 
determined from statistics.  
 
Figure 16: Neutral sugar results for protease enzymes, presented as mean ± standard deviation 
The results depicted showed that there was no significant difference in the neutral sugar changes 
generated by the proteases.  This meant that no definite observation could be made from the 
results in Error! Reference source not found.. However a lack of significance in neutral sugar 
results for proteases fell in line with the expectation that the proteases would have no significant 
effect on neutral sugars yields which has been the opposite observed in the reducing sugars. 
Solubilised Alginate 
Due to alginate forming a significant part of brown seaweed, as outlined in Chapter 2, the 
solubilised alginate was still measured as a response for proteases. This has resulted in the 
solubilised alginate changes presented in Figure 17. 
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Figure 17: Solubilised alginate results for protease enzymes, presented as mean ± standard deviation 
From the statistical results given both in the first and third hour of hydrolysis the means of the 
changes measured were considered to be significantly different (p<0.05). This indicated that from 
Figure 17 SEB Digest B69P achieved the highest positive change of solubilised alginate in the first 
hour of 67.93% while Alcalase 2.5L PF only had a change of 10.11%. However the solubilised 
alginate in the third hour had a large decrease for SEB Digest B69P even reaching a point where 
alginate was removed from the solubilised fraction (-0.28%) while Alcalase 2.5L PF had the largest 
change of 23.61%. It was clear that for solubilised alginate Alcalase 2.5L PF showed the highest 
result. 
Polyphenolic compounds 
Even though the Folin-Ciocalteu method was used to measure polyphenolic compounds it had the 
drawback of reacting with proteins and reducing sugars alongside polyphenolic compounds as 
previously discussed. Nevertheless a larger concentration of either proteins or polyphenolic 
compounds were still desirable for biostimulant products and thus this response variable was still 
taken into consideration for the proteases. Figure 18 depicts the means of the polyphenolic 
compound yields.  
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Figure 18: Polyphenolic compound results for protease enzymes, presented as mean ± standard deviation 
From the statistical results in Figure 18the means of the changes of polyphenolic compounds were 
only considered significantly different between the first and third hour of the hydrolysis. This 
showed that SEB Digest B69P was outperformed by Alcalase 2.5L PF between both the first and 
third hour. Where the changes for SEB Digest B69P went from 0.28% to 13.79% and from 7.97% 
to 19.28% for Alcalase 2.5L PF. From these results it was clear that both enzymes performed quite 
well for this response, however Alcalase 2.5L PF showed slightly better performance. 
Antioxidant capacity 
Antioxidants form a part of the desired bioactive compounds that will improve the quality of the 
biostimulant to be produced in this study which makes it a good response to still measure for 
proteases since antioxidant activity also comes from the proteins and peptides in the brown 
seaweed (Cofrades, López-Lopez, Bravo, Ruiz-Capillas, Bastida, Larrea & Jiménez-Colmenero, 
2010). The changes in antioxidants from the proteases are presented in Figure 19.  
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Figure 19: Antioxidant capacity results for protease enzymes, presented as mean ± standard deviation 
The results indicated that the changes in antioxidants were only significantly different (p<0.05) after 
three hours of hydrolysis. Nevertheless Figure 19 shows that both proteases did not increase the 
antioxidants in solution where SEB Digest B69P showed a final negative change of 11.22% and 
Alcalase 2.5L PF had a negative change of 8.83%. However, as mentioned, some of the 
antioxidant capacity was provided by the seaweed proteins while both proteases are designed to 
hydrolyse the peptide bonds in protein molecules as set out by the data sheets provided by the 
suppliers. This decrease can potentially be explained by the pH conditions used for both enzymes 
which were at a pH of 7. It has been concluded in a previous study that the antioxidant activity is 
higher at acidic pH conditions and decreases as samples become more alkaline where the 
antioxidant activity at pH of 6 was 89% which decreased to 63% at pH 7 (Bayliak, Burdyliuk & 
Lushchak, 2016). As a result the decrease observed can be associated with the non-acidic pH 
used for the hydrolysis. In the case of the change in antioxidants both enzymes showed very 
similar effects, however experimental conditions resulted in a loss of antioxidant capacity in the 
solution which indicated that the antioxidant response was not well suited to compare the 
enzymes. 
Solubilised dry material in solution 
The final response measured for the protease enzyme screening also included the dry material in 
solution. Only the final hour was measured in triplicate for this response where the results are 
shown in Figure 20. 
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Figure 20: Antioxidant capacity results for protease enzymes, presented as mean ± standard deviation 
From statistical analysis the samples had a p-value of 0.04 which indicated that the means were 
significantly different. From the dry material analysis it was seen that SEB Digest B69P had the 
lowest amount of dry material in solution with a value of 4.3% while Alcalase 2.5L PF achieved the 
highest amount with a value of 4.7%. These results indicated again that both proteases showed 
very similar results in the solubilisation where Alcalase 2.5L PF only had a dry material result that 
was 0.4% higher than SEB Digest B69P. This made both enzymes good choices in regards to the 
dry material response variable.  
To summarise the results for the proteases it was determined that SEB Digest B69P had the 
highest result by a large margin compared to Alcalase 2.5L PF for Reducing sugars, meanwhile 
Alcalase 2.5L PF showed the highest result for solubilised alginate by a large margin and for both 
polyphenolic compounds and dry material, however by smaller margins. Both enzymes had one 
response where the one had a much larger result compared to the other and had very close results 
in other responses, however Alcalase 2.5L PF had the highest result in all cases. Nevertheless the 
final decision was based on the reducing sugars where SEB Digest B69P showed a large release 
of sugars compared to Alcalase 2.5L PF. This was due to the positive bioactivity the sugars could 
provide as part of the final biostimulant product (Khan et al., 2009; Vera et al., 2011; Trouvelot et 
al., 2014; Torres et al., 2018). As a result SEB Digest B69P was determined to be the most 
efficient enzyme and was taken further for optimisation. 
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LC-MS results on screened enzyme products 
After determining the best enzymes from the groups the samples hydrolysed with the enzymes 
underwent an additional analysis using LC-MS. This was done to characterise the sugars that was 
solubilised due to the colorimetric methods measuring only groups of compounds and to confirm 
the different actions of the enzymes used. Figure 21 to Figure 23 depict the SEB Digest B69P 
results and Figure 24 and Figure 25 show the Accellerase® 1500 results. The identified peaks for 
SEB Digest can be seen in Table 11 and in Table 12 for Accellerase® 1500. 
SEB Digest B69P 
 
Figure 21: Part 1 of LC-MS results for oligosaccharides and monosaccharides from SEB Digest B69P 
 
Figure 22: Part 2 of LC-MS results, zoomed in from Figure 5-1 between 3.50 min and 9.75 min 
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Figure 23: Part 3 LC-MS results on the hydrolysate from SEB Digest B69P for oligosaccharides and monosaccharides 
Table 11: Identified peaks from LC-MS for SEB Digest B69P hydrolysis 
Peak Compound Reference 
1 527.09 Pentaglyceride (Chang et al., 2008) 
2 439.07 Hexaglyceride (Chang et al., 2008) 
3 181.07 Mannitol (Groisillier et al., 2014) 
4 193.07 Ononitol (Slama et al., 2015) 
5 503.16 Raffinose (Švejstil, Musilová & Rada, 2015) 
6 666.21 Stachyose (Švejstil et al., 2015) 
7 827.27 Verbascose (Švejstil et al., 2015) 
8 117.00 Succinic acid 
(Okino et al., 2008; Jang, Shirai, et 
al., 2012; Dessie et al., 2018) 
9 181.10 Mannitol (Groisillier et al., 2014) 
10 351.10 Alginate oligosaccharide (Chaki et al., 2006) 
11 369.10 Di-galacturonic acid 
(Phaff & Demain, 1955; Jourdain, 
Dublineau & Phan, 2005) 
12 527.10 Alginate oligosaccharide (Chaki et al., 2006) 
13 703.10 Alginate oligosaccharide (Chaki et al., 2006) 
14 879.20 Alginate oligosaccharide (Chaki et al., 2006) 
15 527.10 Alginate oligosaccharide (Chaki et al., 2006)  
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From the results presented in Table 11 it can be seen that the polysaccharides in the cell wall are 
cleaved into smaller chains as shown by the presence of raffinose, stachyose and verbascose and 
SEB Digest B69P had no further impact on the solubilisation of the polysacchrides. The results 
also confirmed the presence of mannitol and glycerol (from the glycerides) as mentioned in 
literature, however the additional presence of ononitol was not expected, however from literature it 
was seen in plants exposed to high salinity conditions (close to salt water sources) that ononitol 
was present and acted as an osmoprotectant. The presence of succinic acid inidcated that that 
some fermentation occured in the biomass either during defrosting or during hydrolysis of the 
biomass. Finally the formation of alginate oligosaccharides was discovered from the LC-MS 
analysis which indicated that alginate was binding to other polysaccharide chains. 
Accellerase® 1500 
 
Figure 24: Part 1 of LC-MS results for oligosaccharides and monosaccharides from Accellerase® 1500 
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Figure 25: Part 2 of LC-MS results for oligosaccharides and monosaccharides from Accellerase® 1500 
Table 12: Identified peaks from LC-MS for Accellerase® 1500 hydrolysis 
Peak Compound Reference 
1 181.07 Mannitol (Groisillier et al., 2014) 
2 179.06 Glucose (Švejstil et al., 2015) 
3 193.07 Maltitol (Tarakhovskaya et al., 2017) 
4 343.13 Ononitol (Slama et al., 2015) 
5 243.10 Dioxybenzone (Donglikar & Deore, 2016) 
6 117.00 Succinic acid 
(Okino et al., 2008; Jang, Shirai, et al., 
2012; Dessie et al., 2018) 
7 181.10 Mannitol (Groisillier et al., 2014) 
8 179.10 Glucose (Švejstil et al., 2015) 
9 351.10 
Alginate 
Oligosaccharide (Chaki et al., 2006) 
10 369.10 Di-galacturonic acid 
(Phaff & Demain, 1955; Jourdain et 
al., 2005) 
11 527.10 
Alginate 
Oligosaccharide (Chaki et al., 2006) 
12 703.10 
Alginate 
Oligosaccharide (Chaki et al., 2006) 
13 879.20 
Alginate 
Oligosaccharide (Chaki et al., 2006)  
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From the hydrolysis with Accellerase® 1500 similar products were detected as with the hydrolysis 
with SEB Digest as seen in Table 12 and from visual comparison in Figure 26. There were two 
compounds detected from the Accellerase® 1500 analysis that are of note: Glucose and Maltitol. 
The presence of glucose and the lack of raffinose, stachyose and verbascose indicated that the 
Accellerase® 1500 contributed to the solubilisation of the polysaccharides. The presence of 
maltitol was expected in both samples, however the presence of the compound only from the 
Accelerase® 1500 indicated that the enzyme contributed to the release of this compound into 
solution as well. It was indicated from these results that the presence of Accellerase® 1500 
resulted in further solubilisation of sugars, however this was expected due to the target substrates 
of Accellerase® 1500.  
 
Figure 26: Overlaid LC-MS results for Accellerase® 1500 and SEB Digest B69P 
SEB Digest 2 x dil
Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
%
0
AClaasen_Oligos_180625_3 1: TOF MS ES- 
BPI
4.37e4
4.69
181.1
3.74
117.0
7.01
527.1
6.97
527.1
5.75
351.1
5.35
146.0
5.99
193.1
6.28
369.1
7.83
703.1
8.50
879.2
9.01
527.1
17.70
113.016.16
129.0
9.40
615.1
Accelerase 1500 2 x
i
. .
%
l li 2 :    
I
.41
4.66
181.1
1.48
265.1
3.69
117.0
3.07
243.1
6.95
527.1
4.88
179.1
6.90
527.1
6.89
527.1
5.65
351.1
5.96
193.1 6.23
369.1
7.80
703.1
7.76
703.1
8.46
879.2
17.62
113.0
Stellenbosch University https://scholar.sun.ac.za
62 
 
Enzymatic hydrolysis of Ecklonia maxima 
Results: Accellerase® 1500 
The responses measured for Accellerase® 1500 were reducing sugars, Y1, neutral sugars, Y2, 
polyphenolic compounds, Y3, solubilised alginate, Y4, antioxidant capacity, Y5, and dry material in 
solution (%DM) Y6. The CCD and the responses for three hours and six hours are presented in 
Table 13 and Table 14 respectively where the response was measured as a mean of triplicate 
measurements. Using equation 2 as discussed in Chapter 4 a model was developed for each 
response variable Y1, Y2, Y3, Y4 Y5, and Y6 in regards to Accellerase® 1500. On each model an 
ANOVA was conducted to determine the significance of each parameter with pure error as seen in 
Appendix C from Table 114  to Table 125 where effects were considered significant at p<0.05. The 
ANOVA results are summarised in Table 15 for the Accellerase® 1500 data.  The results after a 
hydrolysis time of three hours was included, because in the reducing sugars, neutral sugars, 
solubilised alginate, antioxidant capacity and dry material responses a maximum value was 
achieved already as seen in Figure 59 to Figure 64 in Appendix C as a result a hydrolysis time of 
three hours was also considered. 
It can be seen from the results of the Accellerase® 1500 data there were significant effects for the 
three hour hydrolysis on reducing sugars. These significant effects have also been seen in the 
enzymatic hydrolysis of agave leafs where significance on reducing sugars were found for enzyme 
concentration, temperature, pH and the interaction of enzyme concentration and temperature 
(Salwanee, Wan Aida, Mamot, Maskat & Ibrahim, 2013; González-Llanes, Hernández-Calderón, 
Rios-Iribe, Alarid-García, Castro Montoya & Escamilla-Silva, 2018). The quadratic significance 
observed for pH can be explained by the large pH range used where the range goes to very acidic 
(pH 2.98) to very alkaline (pH 8.02) conditions. These more extreme conditions could be resulting 
in lower solubilisation of desired compounds as seen in a previous study by (Salwanee et al., 
2013). Additionally these pH conditions are not close to reported optimal pH values observed in 
other studies as outlined in Table 1. The differences observed between this study and the 
mentioned study could be the different types of biomass used, however even though different 
biomass sources were used, and similar observation were made. However for the six hour 
hydrolysis there were no significant impacts observed from the factors on the reducing sugar 
response. This could be a result of the increased hydrolysis time having a larger significant effect 
compared to the other factors. It has been reported previously that hydrolysis time was determined 
to be one of the most significant factors from a set of hydrolysis time, pH, temperature and enzyme 
concentration (González-Llanes et al., 2018). This indicated that from the RSM model for the three 
hour hydrolysis temperature could not predict the reducing sugars well with samples hydrolysed 
with Accellerase® 1500 and for the six hour hydrolysis none of the factors could predict the 
reducing sugars well.  
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From the statistical results from the neutral sugars it was determined that for the three hour 
hydrolysis significant effects were observed from pH and temperature. The quadratic effect of pH 
can again be contributed to the more extreme pH conditions used in the experimental design. The 
linear effect of temperature can be seen as the increase in temperature will increase the release of 
neutral sugars where the current range for temperature used in this study is outside the previously 
reported range of 112-124°C for neutral sugar extraction (Pinkowska, Krzywonos, Wolak & 
Złocinska, 2019). This indicated that the observed linear effect of temperature is primarily caused 
by the large temperature range used that is still lower than previously reported ranges.  For the six 
hour hydrolysis pH, temperature and E:S ratio had significant effects on the neutral sugars.  The 
quadratic effects observed for both temperature and pH can possibly be attributed again to the 
large range used for the parameters, however the additional linear effect for pH and interaction 
between pH and temperature indicates the significant effect these two factors have on enzymatic 
hydrolysis as mentioned in previous studies (Gama, Van Dyk & Pletschke, 2015). It is only in the 
three hour hydrolysis where the RSM indicated that the E:S ratio is unable to predict the data well.  
In the case of the solubilised alginate response the only significant effect observed in the three 
hour hydrolysis was from the linear effect of pH. This was expected due to the pH sensitivity noted 
for alginate in previous studies where lower pH conditions decrease the solubility of alginate which 
forms part of the solubilised alginate analysis used in this study (Deng, Zhong, Tian, Gou, Li & 
Dong, 2010; Li & Gong, 2010). For the six hour hydrolysis the solubilised alginate indicated that 
there were significant effects from pH and temperature. The same effects of the pH for the three 
hour hydrolysis can be applied here, however temperature as a significant effect has been shown 
to be true from literature where lower temperatures  were seen to have an effect on materials 
mixed with alginate (Deng et al., 2010; Li & Gong, 2010). The influence of temperature could only 
be seen after the longer hydrolysis and does not seem to have any effect early on in the hydrolysis, 
nevertheless both temperature and pH have an effect on the alginate. This indicated that from the 
RSM model pH was able to predict the data well in both cases, however only temperature was able 
to predict data well in the six hour hydrolysis while E:S ratio did not predict well in both cases.  
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Table 13: CCD and responses for Accellerase® 1500 at three hours hydrolysis time 
Run 
X1 X2 X3 Y1 Y2 Y3 Y4 Y5 Y6 
Temperature pH E:S Ratio 
Reducing 
sugars 
Neutral 
sugars 
Polyphenolic 
compounds 
Solubilised 
Alginate 
Antioxidants 
Dry 
material 
°C   % (w/w) g GE/L g GE/L g GAE/L g SAE/L g TE/L % 
1 45.00 4.00 0.20 3.74 3.73 0.28 0.56 0.22 4.14 
2 45.00 4.00 0.60 6.36 5.52 0.30 0.58 0.23 4.39 
3 45.00 7.00 0.20 3.63 4.63 0.37 0.80 0.18 4.04 
4 45.00 7.00 0.60 5.81 3.53 0.32 0.92 0.19 5.02 
5 65.00 4.00 0.20 4.78 3.04 0.26 0.03 0.22 4.34 
6 65.00 4.00 0.60 3.71 2.70 0.27 0.65 0.22 4.74 
7 65.00 7.00 0.20 4.51 3.88 0.31 2.15 0.17 4.46 
8 65.00 7.00 0.60 4.91 3.69 0.36 1.00 0.18 4.99 
9 38.18 5.50 0.40 6.13 4.46 0.30 0.62 0.22 4.49 
10 71.82 5.50 0.40 4.54 3.49 0.31 1.00 0.21 4.67 
11 55.00 2.98 0.40 3.73 4.31 0.26 0.19 0.23 4.18 
12 55.00 8.02 0.40 4.43 4.23 0.28 1.52 0.14 4.56 
13 55.00 5.50 0.06 5.42 4.01 0.33 0.46 0.22 4.74 
14 55.00 5.50 0.74 6.59 6.59 0.30 1.34 0.21 4.52 
15 (C) 55.00 5.50 0.40 4.46 4.60 0.32 0.96 0.20 4.44 
16 (C) 55.00 5.50 0.40 4.77 5.45 0.30 1.03 0.20 4.20 
17 (C) 55.00 5.50 0.40 4.59 4.82 0.42 1.25 0.20 4.41 
18 (C) 55.00 5.50 0.40 4.65 5.03 0.29 1.56 0.21 4.65 
19 (C) 55.00 5.50 0.40 5.55 4.18 0.34 1.35 0.20 4.51 
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Table 14: CCD and responses for Accellerase® 1500 at six hours hydrolysis time 
Run 
X1 X2 X3 Y1 Y2 Y3 Y4 Y5 Y6 
Temperature pH E:S Ratio 
Reducing 
sugars 
Neutral 
sugars 
Polyphenolic 
compounds 
Solubilised 
Alginate 
Antioxidants 
Dry 
material 
°C   % (w/w) g GE/L g GE/L g GAE/L g SAE/L g TE/L % 
1 45.00 4.00 0.20 3.87 3.22 0.27 0.42 0.22 3.78 
2 45.00 4.00 0.60 6.16 4.67 0.31 0.36 0.23 4.29 
3 45.00 7.00 0.20 4.61 4.25 0.38 1.05 0.16 4.70 
4 45.00 7.00 0.60 4.69 2.93 0.33 0.90 0.18 4.21 
5 65.00 4.00 0.20 4.20 3.10 0.24 0.12 0.22 4.02 
6 65.00 4.00 0.60 4.22 3.18 0.26 0.41 0.22 3.48 
7 65.00 7.00 0.20 4.82 3.43 0.33 2.04 0.17 4.10 
8 65.00 7.00 0.60 4.54 2.98 0.35 1.24 0.18 4.90 
9 38.18 5.50 0.40 5.51 4.39 0.28 0.35 0.22 3.34 
10 71.82 5.50 0.40 3.68 3.33 0.32 1.32 0.21 3.75 
11 55.00 2.98 0.40 4.41 4.48 0.34 0.20 0.23 4.66 
12 55.00 8.02 0.40 3.56 3.09 0.29 1.20 0.15 3.77 
13 55.00 5.50 0.06 5.27 3.14 0.31 0.32 0.22 4.72 
14 55.00 5.50 0.74 7.07 6.70 0.31 1.08 0.20 5.14 
15 (C) 55.00 5.50 0.40 4.37 5.67 0.33 0.89 0.20 3.83 
16 (C) 55.00 5.50 0.40 5.54 5.77 0.46 1.23 0.20 4.99 
17 (C) 55.00 5.50 0.40 3.44 4.54 0.36 1.01 0.20 3.91 
18 (C) 55.00 5.50 0.40 4.48 4.99 0.32 1.01 0.21 4.56 
19 (C) 55.00 5.50 0.40 6.50 4.96 0.31 1.25 0.20 4.44 
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Table 15: Summarised results of analysis of variance (ANOVA) on the models of response variables from Accellerase® 
1500 
Response variable 
Significant  effects R2 
3h 6h  3h 6h 
Reducing sugars 
 
- Quadratic effect of pH 
- Linear effects of E:S ratio 
- Interaction effect of E:S 
ratio and temperature 
- None 0.84 0.60 
Neutral Sugars - Linear effect of 
temperature 
- Quadratic effect of pH 
- Quadratic effect of 
temperature 
- Quadratic effect of  pH 
- Linear effect of E:S ratio 
0.64 0.67 
Solubilised alginate - Linear effect of pH - Linear effect of 
temperature 
- Linear effect of pH 
- Interaction effect of pH 
and temperature 
0.79 0.82 
Polyphenolic 
compounds 
- None - None 0.46 0.34 
Antioxidants - Linear effect of 
temperature 
- Quadratic effect of 
temperature 
- Linear effect of pH 
- Quadratic effect of pH 
- Quadratic effect of E:S 
ratio 
- Lack of fit 
- Linear effect of pH 
- Quadratic effect of pH 
0.97 0.94 
Dry material - Linear effect of E:S ratio - None 0.57 0.44 
 
Data generated for the polyphenolic compounds response indicated that there were no significant 
effects observed for both the three and six hour hydrolysis. This indicated that there was no 
significant impact observed from the factors on the response after both three hours and six hours. 
This indicated that from the RSM model generated that temperature, pH and E:S ratio could not 
predict the polyphenolic compounds well with samples hydrolysed with Accellerase® 1500.  
The statistics conducted on the antioxidant capacity showed that for the three hour hydrolysis pH, 
temperature and E:S ratio were determined to have significant effects. This observation agrees 
Stellenbosch University https://scholar.sun.ac.za
67 
 
with literature where it was determined that temperature did lead to an increase in antioxidant 
activity in the extract, which is the fraction measured in this study (Topuz, Gokoglu, Yerlikaya, 
Ucak & Gumus, 2016). The significant effects observed for pH can be attributed to the pH 
sensitivity demonstrated by a previous study where antioxidant capacity is higher at acidic pH 
conditions (pH 6 or less) while a decrease has been observed the more alkaline the samples 
become, this can also be observed with in this data set (Bayliak et al., 2016). The acidic pH 
conditions prevents oxidation due to protonation (from the acidic pH) of the hydroxyl groups which 
results in the higher antioxidant capacity (Lemańska, Szymusiak, Tyrakowska, Zieliński, Soffers & 
Rietjens, 2001). As previously discussed the significance observed for the E:S ratio can be 
attributed to the release of sugars in solution from the Accellerase® 1500 which contribute to the 
antioxidant capacity of the sample. However the three hour hydrolysis had a significant lack of fit 
which indicated the RSM did not fit the data accurately for the three hour hydrolysis. For the six 
hour hydrolysis only pH had a significant effect and the RSM model indicated that temperature and 
E:S ratio were not able to predict the data well.  Regardless of how well the regression was able to 
fit the data when the results were taken into consideration a possible explanation as to why such a 
high fit was observed was due to the results remaining fairly similar in every experiment. The 
results ranged from 0.17 to 0.23 gTE/L in both cases which indicated a data set very close to being 
a flat line. 
It was seen from the results of the dry material in solution data for three hours hydrolysis there was 
a significant effect observed from the E:S ratio while the RSM model indicated that neither 
temperature or pH could predict the data well. This is supported by the previous result where E:S 
ratio was a significant factor in the results which indicated that the addition of the enzyme resulted 
in more solubilised material. However for the six hour hydrolysis no significant effects were 
observed which indicated that pH, temperature and E:S ratio could not predict the data accurately.  
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Results: SEB Digest B69P 
The responses measured for SEB Digest B69P were reducing sugars, Y1, neutral sugars, Y2, 
polyphenolic compounds, Y3, solubilised alginate, Y4, antioxidant capacity, Y5, Crude protein, Y6 
and dry material in solution (%DM) Y7. The CCD and the responses for three hours and six hours 
are presented in Table 16 and Table 17 respectively where the responses were measured as a 
mean of triplicate measurements. Using equation 2 as discussed in Chapter 4 a model was 
developed for each response variable Y1, Y2, Y3, Y4 Y5, Y6 and Y7 in regards to SEB Digest B69P. 
On each model an ANOVA was conducted to determine the significance of each parameter with 
pure error as seen in Appendix C from Table 94 to Table 107 where effects were considered 
significant at p<0.05. The ANOVA results are summarised in Table 19 for the SEB Digest B69P 
data. The results after a hydrolysis time of three hours was included, because in the reducing 
sugars, neutral sugars, solubilised alginate, antioxidant capacity, crude protein and dry material 
responses a maximum value was achieved already after three hours as seen from Figure 52 to  
Figure 58 in Appendix C and as a result a hydrolysis of three hours was also considered. 
It was seen from the results of the SEB Digest data there was no significant impact observed from 
the factors on the reducing sugar response after both three hours and six hours. This indicated that 
from the RSM model generated that temperature, pH and E:S ratio could not predict the reducing 
sugars well with samples hydrolysed with SEB Digest B69P. This could however be attributed to 
the fact that a protease was used in these experiments and as a result the hydrolysis of 
polysaccharides was not propagated due to not being the target substrate. This indicated that the 
protease was unable to efficiently break down the cell walls and the release of compounds was 
stagnated. 
From the statistical results from the neutral sugars it was determined that for a period of three 
hours the RSM model was unable to fit the data with a significant lack of fit. This indicated that the 
RSM for the three hour period was unable to predict the neutral sugar response. Furthermore for 
the six hour period there was an indication from the RSM model that the linear effects of pH was 
significant and capable of predicting neutral sugar data, however both temperature and E:S ratio 
was not able to predict the data well. The significant effect of the pH can again be attributed to the 
large pH range assigned to the experiments which ranged from acidic a pH of 5.32 to 8.68 going 
from acidic to alkaline conditions. Nevertheless the lack of significance can again be caused by the 
fact a protease was used for a sugar response. 
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Table 16: CCD and responses for SEB Digest B69P at three hours hydrolysis time 
Run 
X1 X2 X3 Y1 Y2 Y3 Y4 Y5 Y6 Y7 
Temperature pH E:S Ratio 
Reducing 
sugars 
Neutral 
sugars 
Polyphenolic 
compounds 
Solubilised 
Alginate 
Antioxidants 
Crude 
Protein 
Dry 
material 
°C   % (w/w) g GE/L g GE/L g GAE/L g SAE/L g TE/L % % 
1 50.00 6.00 0.10 1.04 1.60 0.28 0.49 0.25 0.34 4.26 
2 50.00 6.00 0.30 1.60 1.43 0.36 1.07 0.26 0.14 3.32 
3 50.00 8.00 0.10 1.19 3.15 0.32 2.11 0.20 0.14 3.93 
4 50.00 8.00 0.30 1.31 0.19 0.35 1.07 0.21 0.18 3.70 
5 60.00 6.00 0.10 1.51 2.27 0.38 0.61 0.26 0.20 4.41 
6 60.00 6.00 0.30 1.50 1.12 0.34 1.05 0.25 0.14 4.32 
7 60.00 8.00 0.10 1.74 2.29 0.35 1.69 0.21 0.18 4.83 
8 60.00 8.00 0.30 1.73 3.58 0.40 2.03 0.19 0.23 4.83 
9 46.59 7.00 0.20 2.06 2.89 0.29 0.97 0.23 0.12 3.99 
10 63.41 7.00 0.20 0.87 2.33 0.32 0.61 0.23 0.20 3.97 
11 55.00 5.32 0.20 0.87 2.62 0.30 0.11 0.27 0.14 3.92 
12 55.00 8.68 0.20 1.24 3.07 0.44 3.48 0.18 0.27 4.24 
13 55.00 7.00 0.03 1.00 2.53 0.29 1.47 0.23 0.09 3.71 
14 55.00 7.00 0.37 1.77 2.90 0.32 1.36 0.23 0.18 4.37 
15 (C) 55.00 7.00 0.20 3.74 2.58 0.34 1.21 0.23 0.16 4.82 
16 (C) 55.00 7.00 0.20 0.87 3.37 0.35 0.91 0.24 0.14 3.96 
17 (C) 55.00 7.00 0.20 1.45 2.24 0.34 1.82 0.24 0.13 4.05 
18 (C) 55.00 7.00 0.20 1.35 2.88 0.33 1.67 0.24 0.14 4.05 
19 (C) 55.00 7.00 0.20 1.20 2.51 0.28 1.05 0.22 0.12 4.79 
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Table 17: CCD and responses for SEB Digest B69P at six hours hydrolysis time 
Run 
X1 X2 X3 Y1 Y2 Y3 Y4 Y5 Y6 Y7 
Temperature pH E:S Ratio 
Reducing 
sugars 
Neutral 
sugars 
Polyphenolic 
compounds 
Solubilised 
Alginate 
Antioxidants 
Crude 
Protein 
Dry 
material 
°C   % (w/w) g GE/L g GE/L g GAE/L g SAE/L g TE/L % % 
1 50.00 6.00 0.10 1.92 1.10 0.35 0.28 0.25 0.20 3.79 
2 50.00 6.00 0.30 2.03 1.61 0.36 1.12 0.25 0.07 3.25 
3 50.00 8.00 0.10 1.23 2.82 0.33 1.60 0.20 0.14 4.11 
4 50.00 8.00 0.30 3.17 2.53 0.36 0.88 0.20 0.15 4.79 
5 60.00 6.00 0.10 1.35 2.68 0.35 0.81 0.25 0.20 3.97 
6 60.00 6.00 0.30 1.10 1.84 0.34 0.85 0.25 0.14 3.59 
7 60.00 8.00 0.10 3.45 2.54 0.39 2.09 0.20 0.12 3.67 
8 60.00 8.00 0.30 1.20 2.92 0.39 1.65 0.19 0.19 3.91 
9 46.59 7.00 0.20 1.29 2.49 0.27 1.23 0.24 0.11 4.31 
10 63.41 7.00 0.20 0.99 2.25 0.32 1.00 0.22 0.14 4.10 
11 55.00 5.32 0.20 1.09 3.13 0.32 0.30 0.27 0.14 4.19 
12 55.00 8.68 0.20 1.15 3.32 0.46 2.93 0.17 0.17 4.26 
13 55.00 7.00 0.03 1.25 2.44 0.28 1.47 0.23 0.11 4.14 
14 55.00 7.00 0.37 1.76 3.06 0.34 1.34 0.23 0.15 4.41 
15 (C) 55.00 7.00 0.20 5.21 2.38 0.34 0.80 0.23 0.11 5.43 
16 (C) 55.00 7.00 0.20 0.92 2.53 0.35 1.24 0.23 0.14 4.17 
17 (C) 55.00 7.00 0.20 1.93 2.87 0.34 1.50 0.24 0.12 3.98 
18 (C) 55.00 7.00 0.20 1.59 2.78 0.32 1.50 0.23 0.07 4.08 
19 (C) 55.00 7.00 0.20 1.13 2.05 0.32 0.78 0.21 0.11 4.77 
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Table 18: Summarised results of analysis of variance (ANOVA) on the models of response variables from SEB Digest 
B69P 
Response variable 
Significant  effects R2 
3h 6h  3h 6h 
Reducing sugars - None - None 0.15 0.23 
Neutral Sugars - Lack of fit - Linear effect of pH 0.36 0.47 
Solubilised alginate - Linear effect of pH - Linear effect of pH 0.80 0.77 
Polyphenolic 
compounds 
- Linear effect of pH - Linear effect of pH 
- Quadratic effect of pH  
- Linear effects of E:S ratio 
- Interaction effect of pH 
and temperature 
- Lack of fit 
0.62 0.75 
Antioxidants - Linear effect of pH - Linear effect of pH 0.96 0.97 
Dry material - None - None 0.43 0.50 
Crude protein - Quadratic effect of 
temperature 
- Linear effect of pH 
- Quadratic effect of pH 
- Interaction effect of pH 
and temperature 
- Interaction effect of E:S 
ratio and temperature 
-Interaction effect of E:S 
ratio and pH 
- Lack of fit 
- Quadratic effect of pH  
- Interaction effect of E:S 
ratio and pH 
0.63 0.76 
 
In the case of the solubilised alginate response the only significant effect observed in both the 
three hour and six hour cases was the linear effects of pH. This indicated that from the RSM model 
pH was able to predict the data well in both cases. This significant effect can again be due to the 
pH sensitivity of alginate which was expected due to previous studies involving alginate in 
materials (Deng et al., 2010; Li & Gong, 2010). The lack of significance is most likely due to 
alginate not being a target substrate for the protease and confirms no activity towards alginate from 
SEB Digest B69P. Nevertheless temperature and E:S ratio for both the three hour and six hour 
period was not able to accurately predict the data.  
From the results of the polyphenolic compounds response it was seen that there was only one 
significant effect observed in the three hour period which was the linear effect of pH while neither 
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temperature or E:S ratio was able to predict the data accurately from the RSM model. However 
after a hydrolysis time of six hours there were more significant effects observed from pH, E:S ratio 
and temperature. Only temperature indicated to have no significant linear or quadratic effect which 
showed that temperature was unable to predict the data well for the polyphenolic compound 
response. Nonetheless for the six hour period the RSM model does not fit the data accurately due 
to a significant lack of fit. In regards to the effect of the E:S ratio and pH on the polyphenol 
response the results from the crude protein response need to be considered due to one of the 
disadvantages of the Folin-Ciocalteu assay. As discussed in Chapter 2 the Folin-Ciolcalteu method 
has the disadvantage of detecting protein-type compounds (amino acids) which could influence the 
total determined concentration. From the results of the crude protein response it could be seen that 
for three hours of hydrolysis the significant effects were seen to be from temperature, t pH, the 
interaction between pH and temperature, the interaction between temperature and E:S ratio and 
the interaction between pH and E:S ratio. The significant effect observed for temperature has been 
seen in a previous study where hydrolysis with Alcalase showed maximum release at 40°C and 
less release at both 30 and 60°C which agrees with the data generated where majority of 
experiments were conducted between 40 and 50°C (Salwanee et al., 2013). The effects of pH can 
be attributed to the large range used again, however an additional study also indicated that the pH 
does have a quadratic effect on pH extraction where a maximum was determined at pH 8 while 
less extraction was seen at both pH 7 and 9 which can also be seen in the data generated for this 
study (Salwanee et al., 2013). The significant interaction effects can be attributed to fact the 
proteins are the target substrate for the protease and that both temperature and pH have a 
significant effect on the activity of the protease which was expected due to temperature and pH 
being considered the main conditions that need to be considered for enzymes. However there was 
also a significant lack of fit for the three hour hydrolysis. The results after six hours of hydrolysis 
showed that only the quadratic effect of pH and the interaction effect of E:S ratio and pH were 
significant. Where the significant effects can be attributed to the same observations made for the 
three hour hydrolysis. From these results it could be said that the protein-type compounds 
generated throughout the reactions with SEB Digest B69P are contributing to the total detected 
polyphenolic compounds due to being affected by the same parameters. This observation showed 
that even though some polyphenols are solubilised throughout the hydrolysis there were also 
proteins being hydrolysed and could be contributing to the detected polyphenols in solution which, 
in turn, could be affecting the final results of the polyphenol response which could have made the 
detected polyphenol results be false positives. 
The statistics conducted on the antioxidant capacity showed that in both cases of three hours and 
six hours of hydrolysis only the linear effects of pH were significant. The significant effects 
observed for pH can be attributed to the pH sensitivity demonstrated by a previous study similar to 
the Accellerase® 1500 data where antioxidant capacity is higher at acidic pH conditions (pH 6 or 
less) while the antioxidant capacity decrease at more alkaline conditions the samples become, this 
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can also be observed in this data set (Bayliak et al., 2016). The acidic pH conditions prevents 
oxidation due to protonation (from the acidic pH) of the hydroxyl groups which results in the higher 
antioxidant capacity (Lemańska et al., 2001). This indicated that from the RSM model pH was able 
to predict the data well in both cases. Nevertheless temperature and pH for both the three hour 
and six hour period was not able to accurately predict the data. Regardless of how well the 
regression was able to fit the data when the results were taken into consideration a possible 
explanation as to why such a high fit was observed was due to the results remaining fairly similar in 
every experiment. The results ranged from 0.17 to 0.25 gTE/l which indicated a data set very close 
to being on a flat line.  
It was seen from the results of the dry material data there was no significant impact observed from 
the factors on the response after both three hours and six hours. This indicated that from the RSM 
model generated that temperature, pH and E:S ratio could not predict the dry material well with 
samples hydrolysed with SEB Digest B69P. This was an indication that the presence of SEB 
Digest B69P was not making a large contribution towards to solubilisation of the material. 
In summary after conducting ANOVA on all the models generated for all the response variables it 
was determined that both the reducing sugars and dry material responses had no significant 
effects from the independent variables which showed that pH, temperature and E:S ratio had little 
influence on the results from the RSM model. Furthermore there was significant lack of fits 
determined for the neutral sugar response at three hours, polyphenol content at six hours and 
crude protein at three hours which indicated that the generated models were unable to adequately 
describe the data for those specific cases. In the other cases where there was not a significant lack 
of fit there were minimal significant effects. The only responses that had significant effects without 
lack of fits were the solubilised alginate and antioxidant capacity responses. However these 
responses had only one significant effect which was the linear effects of pH where temperature 
and E:S ratio were unable to predict the responses well. From the overall statistics it could be seen 
that there was no direct effect from the E:S ratio which indicated that the addition of SEB Digest 
B69P to every sample had no effect on the responses. As a result it was concluded that based on 
the data and the ANOVA results the SEB Digest B69P could be added at any conditions within the 
range set out in this study and the resulting products will be similar and could thus not be efficiently 
optimised. Nevertheless the samples analysed were only hydrolysed with SEB Digest B69P and 
there was no prior pre-treatment of the samples. So this result could potentially have been caused 
due to the SEB Digest B69P being prevented from reaching the target substrate efficiently which 
pre-treatment with Accellerase® 1500 could have possibly improved. 
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Optimisation: Accellerase® 1500 
Within the data generated from the CCD in this study there were cases where responses reached 
a maximum result after three hours hydrolysis compared to their values observed after six hours. 
Some of these observations were suspected to be the result of side reactions such as Maillard 
reactions or microbial growth occurring during hydrolysis due to the environment being unsterilized 
since sterilisation would result in degradation of heat sensitive compounds. Nevertheless a final 
inspection of the data was conducted where the data for the responses chosen for Accellerase® 
1500 was normalised in respect to the start of the run (0h point) and a count was done on every 
result where the normalised value for three hours was larger than the six hours to determine if the 
majority of higher responses were seen at three or six hours of hydrolysis. This was conducted in 
order to make a final decision on which sets of data the models were to be used for optimisation for 
the Accellerase® 1500. The normalised data can be found in Appendix C (Table 126 to Table 129) 
and the summary of the results are depicted in Figure 41. 
Table 19: Summary of comparisons between three hour hydrolysis and six hour hydrolysis 
Response Count : 3 Hours > 6 Hours 
Reducing sugars 11 
Neutral sugars 12 
Solubilised alginate 13 
Dry material 14 
 
The results showed that more than half of the data determined for each chosen response was 
higher after three hours of hydrolysis than six hours. This showed a preference to shift the 
optimisation around to the data after three hours of hydrolysis for each response. In conclusion the 
models for the three hours data was used to optimise Accelerase® 1500 and the models for the 
determined response variables (Reducing sugars Y1, Neutral Sugars Y2 , Solubilised alginate  Y3 
and Dry material in solution Y4) are represented by Equations 7, 8, 9 and 10 respectively. 
𝑌1 = 1.818 − 0.062𝑋1 + 0.910𝑋2 + 12.217𝑋3 + 8.5 × 10
−4𝑋1
2 − 0.159𝑋2
2 + 8.070𝑋3
2
+ 0.013𝑋1𝑋2 − 0.342𝑋1𝑋3 + 0.428𝑋2𝑋3 
(7) 
𝑌2 = −8.065 + 0.336𝑋1 + 0.769𝑋2 + 11.507𝑋3 − 0.004𝑋1
2 − 0.148𝑋2
2 + 0.720𝑋3
2 + 0.024𝑋1𝑋2
− 0.077𝑋1𝑋3 − 1.132𝑋2𝑋3 
(8) 
𝑌3 = −5.424 + 0.105𝑋1 + 0.319𝑋2 + 8.845𝑋3 − 0.001𝑋1
2 − 0.059𝑋2
2 − 2.883𝑋3
2 + 0.016𝑋1𝑋2
− 0.042𝑋1𝑋3 − 0.697𝑋2𝑋3 
(9) 
𝑌4 = 4.490 − 0.027𝑋1 + 0.148𝑋2 − 1.560𝑋3 + 4.6 × 10
−4𝑋1
2 − 0.013𝑋2
2 + 1.543𝑋3
2 − 0.001𝑋1𝑋2
− 0.018𝑋1𝑋3 + 0.356𝑋2𝑋3 
(10) 
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From the determined models surface plots were drawn (Figure 27 to Figure 30). From the 
generated surface plots it was clearly seen that none of the factors had independent influences on 
the responses, rather they showed interaction. From Figure 27 it was seen that the optimal ranges, 
except for pH, for reducing sugars were outside of the defined ranges used in this study for 
Accellerase® 1500. It was shown that the optimal ranges were between a pH of 4 and 6 while 
lower temperatures and higher E:S ratio would lead to maximum release of reducing sugars.  
 For the case of neutral sugars from Figure 28 it was indicated from the response surfaces that a 
maximum range for pH and temperature could be found for neutral sugars. From the surface plots 
it could be seen that a temperature range between 40 and 50°C and pH range of 3 to 5 would 
result in highest neutral sugar release. However the range for E:S ratio was seen to be at higher 
conditions than what was defined in this study. 
From the results for solubilised alginate from Figure 29 the ranges for all three factors could be 
determined. From the generated surface plots a temperature range of 50 to 60°C, pH range of 6 to 
8 and an E:S ratio between 0.5 and 0.7 would result in the maximum solubilisation of alginate.  
The results for the dry material in solution from Figure 30 showed that the optimal ranges for all 
three factors on the response could not be determined. From the surface plots a higher increase in 
all three factors would lead to the optimal ranges. 
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Figure 27: Surface plots for the reducing sugars with temperature, pH and E:S ratio as independent variables 
 
Figure 28: Surface plots for neutral sugars with temperature, pH and E:S ratio as independent variables 
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Figure 29: Surface plots for solubilised alginate with temperature, pH and E:S ratio as independent variables 
   
Figure 30: Surface plots for dry material with temperature, pH and E:S ratio as independent variable
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Validation 
A desirability analysis was conducted where each response was considered to be desirable in the 
analysis (Figure 65, Appendix D) and  the optimal factor conditions were determined to be a 
temperature of 46.59°C, pH of 5.5 and an E:S ratio of 0.74. These results are very similar to other 
conditions obtained in literature as summarised in Table 1 in Chapter 2 of this study which were 
also studies conducted on other brown seaweed species. With these optimised hydrolysis 
conditions the predicted results were a reducing sugar concentration of 7.78 gGE/L, neutral sugar 
concentration of 5.74 g GE/L, solubilised alginate concentration of 0.95 gSAE/L and a dry material 
of 4.48%. Using the optimised conditions a laboratory experiment was also conducted at the same 
conditions and the responses were analysed. From the validation experiment it was found that the 
experiment generated a reducing sugar concentration of 7.88 g GE/L, a neutral sugar 
concentration of 4.77 g GE/L, solubilised alginate concentration of 1.16 gSAE/L and a dry material 
of 5.01%. Using equation 3 as set out in Chapter 2 the error between the experimental and 
theoretical values were determined and are presented in Table 20.  
Table 20: Comparison of predicted values to the experimental values 
Response 
Temparture 
(°C) pH E:S ratio Model Validation  
Error 
(%) 
Reducing sugars (gGE/L) 46.6 5.5 0.74 7.78 7.88 1.30 
Neutral sugars (gGE/L) 46.6 5.5 0.74 5.74 4.77 16.8 
Solubilised alginate (gSAE/L) 46.6 5.5 0.74 0.95 1.16 21.7 
Dry material (%) 46.6 5.5 0.74 4.48 5.01 11.8 
 
From the comparisons between the predicted values and experimental values in Table 20 it was 
determined that the reducing sugars was the most accurate model with only a 1.30% error followed 
by the dry material with a 11.8% error.  Furthermore for the neutral sugars and solubilised alginate 
responses the errors were 16.8% and 21.7% respectively. The higher errors observed for 
solubilised alginate and neutral sugars could be attributed to their lower regression model fit 
indicated by an R2 of 0.79 and 0.64 respectively as shown in the ANOVA results previously 
discussed. Additionally there were also various sources of systematic errors that possibly 
contributed to the error differences where throughout the study electronic equipment were used 
such as an electronic scale, the microplate reader (BioTek ELx 800) and the moisture analyser 
(Kern DBS) used for the dry material response. All of these equipment were not only used for this 
study, however the error could be attributed to measurement and analytical errors accompanied by 
the fact that all the data was generated over a timeframe of months. A major source of error in the 
case of this study could have been attributed to the small sample volumes (7ml) that were taken 
throughout the study and as a result the error on a small sample could have propagated during 
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analysis.  The results observed over time for the validation experiment are given in Appendix D 
from Table 130 and Figure 65 to Figure 69. 
Up- scale experiment and process development 
Up-scaled experiment 
As part of this study the optimised EAE for Ecklonia maxima underwent a larger scale experiments 
to further validate the results obtained for the small scale experiments previously discussed. Three 
experimental runs were conducted at double the original volume at 1L (from 500 mL). These 
experiments included a hydrolysis that was left to run overnight (28 hours) to investigate any 
further occurrences after the initial six hours, a blank run that excluded Accelerase® 1500 and a 
combination experimental run where after initial treatment with Accellerase® 1500, SEB Digest 
B69P would be added to investigate if the pre-treatment would result in higher solubilisation from 
the protease and to use for process development. All of these experiments were conducted at the 
optimal conditions previously determined for Accellerase® 1500.The results of the investigation are 
presented in Figure 31 to Figure 34 and the raw data for the run can be found in Appendix E. 
 
Figure 31: Reducing sugar results for the up-scaled experiment presented as mean ± standard deviation 
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Figure 32: Neutral sugar result for the up-scaled experiment presented as mean ± standard deviation 
 
Figure 33: Solubilised alginate results from the up-scaled experiment presented as mean ± standard deviation 
 
Figure 34: Dry material results from the up-scaled experiment presented as mean ± standard deviation 
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The results from the larger scale experiment showed similar results to the validation experiment. 
The experimental run was conducted over a time period of 28 hours where a sample was taken 
every 2 hours up to 16 hours into the run and continued again from 22 hours until 28 hours. From 
the data shown in Figure 31 to Figure 34 it can be seen that the results for every response 
remained close to the measured results from the validation experiment and the predicted 
responses from the models. The reducing sugars showed a concentration between 6.02 and 7.93 
gGE/L, neutral sugar concentration was indicated to be between 6.48 and 6.94 gGE/L, the 
solubilised alginate concentration was between 1.10 and 1.11 g SAE/L and the dry material range 
was between 4.52 and 4.97%. 
There was a clear indication in the data that the chosen hydrolysis time of three hours was not an 
optimal time. It was indicated from the data that the solubilisation was not completed after six hours 
of hydrolysis. All of the responses had a significant increase where reducing sugars had a 
concentration of 9.95 g GE/L after 16 hours, for neutral sugars it was 8.05 g GE/L, solubilised 
alginate showed a maximum value of 1.61 g SAE/L after 26 hours and the dry material showed a 
peak of 5.41% after 12 hours. Nevertheless there was a significant drop in the response at 16 
hours into the hydrolysis where the values for both neutral and reducing sugars which indicated 
that if the hydrolysis time is longer than approximately 16 hours the sugars start getting removed 
from the solution. Possible reasons for this can again be attributed to Maillard reactions which 
could already start to occur at pH values of pH 4-6 and a temperature of 37°C both of these 
conditions fell within the conditions used for these experiments (Ajandouz et al., 2001). Additionally 
another reason could be bacterial activity that resulted from not sterilizing the glass reactor or the 
raw material before experiments to avoid degrading the bioactive compounds in the biomass. A 
regression was conducted on the sugar responses to confirm the observed trend the rate of 
generation of product was used (equation 4). The results of the regression can be seen in Figure 
35 for reducing sugars and Figure 36 for neutral sugars. 
 
Figure 35: Regression conducted over reducing sugars for 28 hour hydrolysis 
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Figure 36: Regression conducted over neutral sugars for 28 hour hydrolysis 
From the regressions a fit of R2=0.80 for reducing sugars and R2=0.93 for neutral sugars was 
determined. The models were only able to fit the data well up to 16 hours where another reaction 
rate model was required to fit the data from 18 to 28 hours which indicated the occurrence of an 
additional reaction that was consuming the reducing sugars and neutral sugars after 16 hours.  It 
could be concluded that from the regression models both the release of reducing and neutral 
sugars slowed down and became saturated at approximately 16 hours into the hydrolysis and after 
16 hours other reactions such as the Maillard reactions and bacterial activity were possibly taking 
over. However due to time and sample constraints and the complexity of methods available the 
presence of Maillard reactions could not be confirmed. It could thus be said that the maximum 
viable hydrolysis time for Ecklonia maxima with Accellerase® 1500 was 16 hours. This was 
supported by an optimisation for hydrolysis time conducted in another study where the optimal 
hydrolysis time on the brown seaweed species Turbinaria turbinata was concluded to be 19.5 
hours (Hammed et al., 2017). 
Process development 
In this experiment the SEB Digest B69P was added after the biomass had undergone hydrolysis 
with Accelelrase® 1500 to attempt to further solubilise the biomass and investigate the contribution 
the protease made to the process. The approach to the experiment was that, due to the protein 
digestion caused by the   the SEB Digest B69P, the Accellerase® 1500 was to be added first and 
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5.5 and E:S ratio of 0.74. Afterwards the protease was added at the supplier recommended ratio 
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the same results can be expected from the enzyme within any conditions that were in the defined 
range in this study. The hydrolysate generated from this combined hydrolysis was fully analysed 
and compared to a blank run at the same pH and temperature with no enzyme added to confirm 
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antioxidants and crude proteins were also analysed. The raw data from the runs are given in 
Appendix E.  
Investigation on release of sugars 
The reducing and neutral sugars were investigated first where Figure 37 and Figure 38 present the 
results for reducing sugars and neutral sugars respectively for the experimental run.  The data for 
reducing and neutral sugars showed that there was a more desirable release of the sugars when 
only utilising the Accellerase® 1500 on its own rather than adding the SEB Digest B69P. This can 
be seen when comparing the first 8 hours of the 28 hour run to the 8 hours (due not possessing a 
data point at 9 hours for the 28 hour run) of the current experiment. In the 28 hour run only 
Accellerase® 1500 was used and higher values for reducing sugars and neutral sugars were 
achieved compared to when SEB Digest B69P was added. From the results it can be seen that at 
the 8 hour point reducing sugars in the 28 hour run was 9.54 gGE/L while only 6.74 g GE/L was 
achieved due to the protease and for the neutral sugars the concentration achieved during the 28 
hour run at 8 hours was 7.02 gGE/L while for the current experiment only a value of 4.40 gGE/L 
was achieved due to the protease. This indicated that the SEB Digest B69P also targeted the 
Accellerase® 1500 and decreased the activity of the Accellerase® 1500, which caused a 
significant negative impact on the release of sugars. 
 
Figure 37: Reducing sugar results for process development presented as mean ± standard deviation 
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Figure 38: Neutral sugar results for process development presented as mean ± standard deviation 
Characterisation of sugars in experimental run hydrolysate using HPLC 
All the experimental runs that were analysed for reducing and neutral sugars also underwent 
HPLC. The HPLC results were used to characterise the glucose and mannitol in the samples to 
determine a yield from the dried seaweed biomass presented as gram sugar per kilogram of dry 
mass (g/kgDM). Additional HPLC was done on the raw material to determine the total glucose and 
mannitol yields (% of total sugar). The raw data for the analyses are given in Appendix E and are 
shown from Table 137 to Table 139. 
 
Figure 39: Sugar yields for the validation experimental run 
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Figure 40: Sugar yields from 28 hour experimental run 
 
Figure 41: Sugar yields from Accellerase® 1500 and SEB Digest B69P experimental run 
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polysaccharide chains containing the sugars were present in the solubilised fraction, but were not 
detected using the non-specific spectrophotometric analyses. Nevertheless these compounds are 
solubilised over time where they eventually are detected by the spectrophotometric methods which 
in this study was seen to be 16 hours. Furthermore even with 400.10 g/kgDM as the lowest 
measured yield for glucose from the experimental runs, all of the runs showed positive results 
compared to other studies. From one study an enzymatic hydrolysis was conducted on the brown 
seaweed Alaria crassifolia at 50°C for 120 hours which resulted in a glucose yield of 224 g/kgDM 
(Yanagisawa, Nakamura, Ariga & Nakasaki, 2011). From another study the brown seaweed 
Laminaria digitata underwent enzymatic hydrolysis at 40°C and pH 5 at a mass loading of 5% 
(w/w) and the resulting glucose yield was determined to be approximately 450 g/kgDM (Manns, 
2016). The results also indicated that the batch of Ecklonia maxima used in this study had a high 
sugar content. 
Dry material results from experimental runs 
The dry material data that was generated from the experimental runs provided more insight into the 
performance of the Accellerase® 1500 and the SEB Digest B69P as in in Figure 42. In every 
experimental run all the runs achieved greater positive results compared to the blank which 
showed the impact the addition of Accellerase® 1500 had on the solubilisation of the biomass. 
From the data it was shown that the blank run achieved a maximum dry material in solution of 
4.63% after seven hours of hydrolysis. For the experimental runs a maximum dry material of 5.01% 
after three hours, 5.41 % after 12 hours and 5.19 % after 7 hours for the validation, 28 hour and 
combined experimental runs respectively. An additional observation was made where again the 
addition of the SEB Digest B69P had a negative impact on the hydrolysis where the protease was 
added after six hours and an increase up to 7 hours was seen, however from there a clear 
decreasing trend was manifested. 
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Figure 42: Dry material results for process development 
Investigation on the release of protein and amino acids 
Due to the significant negative effects SEB Digest B69P had on the sugar responses the crude 
protein was measured to determine if the protease had hydrolysed more proteins from the 
seaweed substrate due to its presence in the process. From the data given for the crude protein in 
Figure 43 it was indicated that even after a protease addition after six hours the maximum crude 
protein was released within the first three hours from the presence of Accellerase®1500 with a 
crude protein result of 0.16%. It was shown that Accellerase® 1500 was able to solubilise the 
protein more effectively compared to SEB Digest B69P even though the protease was shown to 
have activity as seen in Figure 44. The data in Figure 44 was generated based on the mechanism 
of hydrolysis where for every cleaved bond a H+ is released and as a result the hydrolysis can be 
monitored by the amount of base required to keep the pH constant (Mabey & Mill, 1978). Thus the 
effect of SEB Digest B69P was investigated further by conducting a crude protein analysis of the 
raw material to determine a yield from the seaweed substrate. The results from Figure 45 showed 
that the Accellerase® 1500 was able to reach a yield of 40.53% of the crude protein while the 
maximum reached after protease addition was only 31.23%. Accellerase® 1500 thus showed more 
capabilities for the release of proteins than SEB Digest B69P. These observations were confirmed 
from a free amino acids analysis shown in Figure 46 (raw data in Appendix E, Table 135). The 
three significant amino acids detected were Alanine, Aspartic acid and Glutamic acid which have 
been reported to be the most abundant amino acids from brown seaweeds (Munda, 1977; Lötze & 
Hoffman, 2016). From the data presented no significant change occurred to the amino acids after 
the addition of SEB Digest B69P (after six hours). In fact the amino acids showed a downwards 
trend, which could have been the result of Maillard reactions taking place during the hydrolysis. 
However during hydrolysis with Accellerase® 1500 Alanine, Aspartic acid and Glutamic acid 
reached maximum concentrations of 131.3 mg/L, 78.0 mg/L and 81.7 mg/L respectively. The 
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greater proteolytic effect observed from Accellerase® 1500 over SEB Digest B69P was not 
expected and cannot be explained.  
  
Figure 43: Crude protein and nitrogen results for process development presented as the mean ± standard deviation 
 
Figure 44: Activity investigation of SEB Digest B69P 
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Figure 45: % Yield of proteins from the raw material for the process development experiments presented as mean± 
standard deviation 
 
Figure 46: Result for free amino acid analysis of the hydrolysate from process development experiment 
Antioxidant capacity and polyphenolic compounds due to combined enzymatic hydrolysis 
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the optimisation in this study, they were still considered significant to investigate the responses for 
the process development due to their positive contribution they can make to the final product. The 
results for polyphenolic compounds are shown in Figure 47 while the antioxidant activity is given in 
Figure 48 with the raw data located in Appendix E.  From the results of the polyphenolic 
compounds the data indicated an overall increase in polyphenolic compounds in solution reaching 
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polyphenolic compounds in the extract from the process. The data generated for the antioxidants 
was in this case reported as the % activity where the results showed a small overall decreasing 
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trend for the antioxidants where by the end of the hydrolysis run a minimum activity of 68.2% was 
determined. The results showed no effect contributed by the addition of the SEB Digest B69P.  It 
was determined that Accellerase® 1500 and the addition of SEB Digest B69P had no effect on the 
release of antioxidants in the process, however the process did release antioxidants as evident 
from the results. In summary it was confirmed that the both polyphenolic compounds and 
antioxidants were present in the products generated from this process. 
 
Figure 47: Polyphenolic compound measurements for process development presented as mean ± standard deviation 
 
Figure 48: Antioxidant capacity measurements for process development presented as mean ± standard deviation 
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Solubilised alginate determined from experimental results 
The data generated from the experimental runs did not show significantly different results between 
experiments other than after 26 hours of hydrolysis. From the solubilised alginate results (Figure 
49) the alginate concentrations varied throughout every experiment where the concentrations 
pivoted around 1.2 g SAE/L and showed no clear significant effect from either enzyme. It was at 
the 26 hour mark in the 28 hour run with Accellerase® 1500 where the solubilised alginate 
achieved a significantly higher and distinct result of 1.61 g SAE/L which showed a possible 
significant effect from Accellerase® 1500. Nevertheless from a previous report a study was 
conducted on various Ecklonia maxima harvested from different areas in South Africa where the 
alginate content in extracts was investigated where the stipes varied between 1.68 and 2.38 g/L 
and the fronds varied between 2.61 and 4.18 g/L (Lötze & Hoffman, 2016). However a direct 
comparison to the previous study was not possible, because the biomass used in this study were 
mixed stipes and fronds, regardless this did give a good indication that a significant amount of 
alginate was solubilised.   
 
Figure 49: Solubilised alginate results for process development 
To further characterise the alginate the extracts were analysed to determine the mannuronic acid 
and guluronic acid in solution and the corresponding mannuronic to guluronic acid ratio (M/G ratio) 
where these results are presented in Figure 50 and Figure 51 respectively. From the results it 
could be seen that the solubilised alginate from Ecklonia maxima has more M-blocks than G-
blocks in the solution where the mannuronic acid in solution reached a maximum of 437.01 mg/L at 
5 hours while the guluronic acid increased over time where at 9 hours a value of 40.50 mg/L was 
achieved. The M/G determined throughout the process indicated that it remained at approximately 
0.90 which indicated that the properties of the alginate in solution would be more brittle. 
Nevertheless from the results it could be seen that mannuronic acid release into solution 
exponentially increases and then remains fairly constant after 5 hours even after SEB Digest B69P 
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was added at 6 hours. This indicated that Accellerase® 1500 may have had an impact on the 
solubilisation of alginate, however SEB Digest B69P did not. However none of the enzymes had 
alginate as a target substrate so the lack of effect from SEB Digest B69P was expected. 
 
Figure 50: Mannuronic acid and guluronic acid in solution from process development experiment 
 
Figure 51: M/G ratio in solution from process development experiment 
The investigation of the reducing and neutral sugars showed that the SEB Digest B69P makes no 
contribution to the release of sugars and only inhibits the Accellerase® 1500 activity. Nevertheless 
the yield of glucose varied between 400.10 g/kgDM (Accellerase® 1500 with SEB Digest B69P run) 
and 512.20 g/kgDM (validation experiment), which were close to results from previous studies. The 
dry material response supported the observations of the negative impact of SEB Digest B69P 
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supported the positive impact on the release of compounds into solution where using Accellerase® 
1500 increased the maximum dry material from 4.63% to 5.19%. However from the investigation 
into the amino acids and crude protein released into solution it was discovered that Accellerase® 
1500 showed significant effects on the solubilisation of proteins where it achieved the maximum 
yield of 40%. For the process development the antioxidant capacity and polyphenolic compound 
measurements were added to prove the presence of antioxidants and polyphenolic compounds in 
solution where the antioxidant activity was determined to remain fairly close to 70% and the 
polyphenolic compounds in solution reached a maximum concentration of 0.42 gGAE/L after 8 
hours of hydrolysis. The final investigation was conducted on the solubilised alginate where from 
the solubilised alginate data the results remained close to 1.2 gSAE/L for all the experimental runs, 
however a maximum was reached during the 28 hour run at the 26 hour point with a value of 1.61 
gSAE/L. Additionally the solubilised alginate was further characterised by determining the the M/G 
ratio where from the results it was seen that the ratio did not vary much and remained close to a 
value of 0.9. From the data it was determined that Accellerase® 1500 could have had a significant 
effect on the solubilisation of the alginate in the biomass. However SEB Digest B69P in this case 
had no significant effects on the solubilisation of alginate. Based on the alginate content 
determined for Ecklonia maxima from previous studies the alginate released into solution was 
deemed to be desirable with concentration of approximately 1.2 gSAE/L in solution. From the 
conclusions made only Accellerase® 1500 was necessary for the hydrolysis where the final 
optimised process determined in this this study was a temperature of 46.6°C, pH of 5.5, E:S ratio 
of 0.74 and hydrolysis time of 16 hours. 
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Chapter 6: Conclusions 
 
There is potential in a biostimulant product derived from the enzymatic hydrolysis of Ecklonia 
maxima. After conducting enzyme screening experiments there was evidence that indicated that 
both Accellerase® 1500 and SEB Digest B69P had the highest result compared to the other 
enzymes in this study. Additionally LC-MS results from samples hydrolysed with Accellerase® 
1500 and SEB Digest B69P where the compounds that were positively identified for both samples 
were mannitol, ononitol, succinic acid and alginate oligosaccharides. Compounds that were unique 
to the Accellerase® 1500 sample were glucose, maltitol and dioxybenzone while the compounds 
unique to the SEB Digest B69P sample were pentaglyceride, hexaglyceride, raffinose, stachyose 
and verbascose. 
From the optimisation experiments for Accellerase® 1500 and SEB Digest B69P both enzymes 
showed an indication that a hydrolysis time of three hours was more desirable than six hours. The 
data generated for SEB Digest B69P showed the enzyme had minimal significant effects on the 
solubilisation process of the biomass where the generated models were not accurate enough to 
describe the data. It was concluded that for the hydrolysis of Ecklonia maxima within the defined 
range for SEB Digest B69P in this study the enzyme could be added at any conditions and the 
results generated would be approximately the same. The results for Accellerase® 1500 indicated 
that from the ANOVA conducted on the models that there was a detectable improvement of 
significant effects, compared to the SEB Digest B69P results, on the measured responses. 
However some the significant effects observed from pH could have been caused by extending the 
pH conditions into both acidic and alkaline conditions where the more acidic and alkaline 
conditions decreased the solubilisation of the biomass and were not close to reported optimal 
conditions for seaweed solubilisation. The final two response models, antioxidant capacity and 
polyphenolic compounds, were excluded from the optimisation due to their lack in ability to 
accurately predict the data. An investigation was conducted on the hydrolysis time between three 
and six hours where it was determined that that over 50% of all results for each of the chosen 
responses showed greater results after three hours rather than six therefor the models generated 
for optimisation were based on three hours rather than the initial six hours. A possible explanation 
for the decreases observed in the results was the possible occurrence of Maillard reactions and 
bacterial growth, however these effects were not investigated further throughout the study due to 
material and time constraints. From the desirability analysis it was determined that the optimal 
conditions to maximise all of the responses was a temperature of 46.6°C, pH of 5.5 and E:S ratio 
of 0.74 . 
From the validation experiments of the generated models the error difference between the 
theoretical and experimental results showed a maximum at 21.7% for solubilised alginate, 11.8% 
for the dry material in solution, 16.8% for neutral sugars and 1.30% for the reducing sugars. It was 
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concluded that all the models were adequate for further use in the study where variation in results 
could be attributed to the use of electronic equipment and due to the small sample volumes taken 
throughout the study which could have propagated during the analyses. The surface plots 
generated for the models indicated that for both reducing and neutral sugars an optimal range was 
found in the defined range in the study for both pH and temperature, however there was an 
indication that the optimal range for E:S ratio was outside the defined range. The solubilised 
alginate response was the only response that had optimal ranges for pH, temperature and E:S 
ratio while the dry material in solution response indicated that none of the optimal ranges was 
within the ranges used in this study. 
From the results from the up-scaled optimised experiment it was determined that the hydrolysis 
time of 3 hours was not optimal and more desirable results were detected after 16 hours of 
hydrolysis. Furthermore the findings from the combined hydrolysis indicated that SEB Digest B69P 
made no contribution to the release of compounds and only inhibits the Accellerase® 1500 activity. 
Additionally the Accellerase® 1500 had evidence of possessing better capabilities of breaking 
down proteins than SEB Digest B69P where a maximum protein yield of 40.5% was achieved with 
the Accellerase® 1500. This effect was however not investigated further and thus could not be 
explained within this study.This was supported by the investigation of the amino acids released into 
solution where the three major amino acids of brown seaweed, aspartic acid, glutamic acid and 
alanine, achieved maximum concentrations of 78 mg/L, 81.7 mg/L and 131.3 mg/L respectively in 
the presence of Accellerase® 1500. Nevertheless the final observation of the sugars released into 
solution showed the use of Accellerase® 1500 significantly increased the yields compared to using 
no enzyme. It was also again suspected that the decreases observed in the results was the 
possible occurrence of Maillard reactions or bacterial growth. Furthermore HPLC conducted on the 
various final experimental runs showed that the sugar yields were 459.05 g/kgDM glucose and 73.09 
g/kgDM mannitol for the 28 hour experiment, 512.20 g/kgDM glucose and 57.73 g/kgDM mannitol for 
the validation experiment and 400.10 g/kgDM glucose and 63.95 g/kgDM mannitol from the 
combination experiment. Further characterisation of the Accllerase® 1500-SEB Digest B69P 
experimental run showed that the maximum concentration of polyphenolic compounds achieved 
was 0.41 gGAE/L and the antioxidant activity was determined to remain close to 70%. Neither 
Accellerase® 1500 nor SEB Digest B69P had a significant effect on the polyphenolic compounds 
and antioxidant activity throughout the experiment. The final investigation was conducted on the 
solubilised alginate where from the solubilised alginate data the results remained close to 1.2 
gSAE/L for all the experimental runs, however a maximum was reached during the 28 hour run at 
the 26 hour point with a value of 1.61 gSAE/L. Further characterisation of the alginate in solution 
showed that an M/G ratio of approximately 0.9 was detected throughout the Accllerase® 1500- 
SEB Digest B69P experimental run where there was an indication that Accellerase® 1500 could 
have a significant effect on the solubilisation of alginate. However SEB Digest B69P had no 
significant effect on the solubilisation of alginate. In conclusion the final optimised process in this 
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study was using only Accelerase® 1500 at a temperature of 46.6°C, pH of 5.5, E:S ratio of 0.74 
and hydrolysis time of 16 hours.  
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Chapter 7: Recommendations 
From this study it is recommended that the effect of season and location on the composition of 
Ecklonia maxima be investigated. There is a possibility that, depending on the season and 
location, the biomass may contain more of some desirable compounds such as proteins or 
alginate. Where with the harvested biomass used in this study there was a significant amount of 
sugars compared to other compounds in solution. Additional research into these effects could 
determine the optimal growth environment for Ecklonia maxima in order to cultivate the optimal 
biomass composition for use in biostimulant manufacturing.  
The observation of possible Maillard reactions in this study is recommended to undergo additional 
research. Investigation of Maillard reactions and possibly other side reactions could assist with 
streamlining the process for the solubilisation process. The possibility to adapt a process or 
implement preventions of these reactions would result in a more bioactive rich product since the 
compounds are prevented from precipitating out of the solution. 
It is recommended in general to conduct further investigation into the solubilisation of Ecklonia 
maxima using other commercially available enzymes. This study only used 8 different enzymes 
available for purchase whereas the amount of available commercial enzymes are vast. Further 
investigations could lead to improved solutions compared to what has been observed in this study. 
The process derived in this study can be taken further for use in either fuel production or 
pharmaceutical studies. The high yields of sugars show promise for use in ethanol production due 
to achieving higher yields than some studies aimed at fermenting sugars to produce ethanol. The 
confirmed presence of phenolic compounds and antioxidants from the final optimised process 
show potential for research into disease resistance. There is potential for deriving a product that 
can be mixed with other substances to improve disease resistance. This area of research will, 
however, possess some ethical obstacles. 
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Appendix A : Detailed methodologies 
Determination of products produced by individual enzymes 
Reference: Stander et al., (2013) 
Materials and equipment: 
 Waters Synapt G2 quadrupole time-of-flight mass spectrometer (Waters Corporation, 
Milford, MA, USA), Waters BEH Amide UPLC column (2.1 × 100 mm, 1.7 μm), Photo diode 
array (PDA), Hermle Z160M centrifuge (LASEC, SA). 
 Acetonitrile (C2H3N), Ammonium acetate (C2H7NO2), Sodium formate (HCOONa), Leucine 
enkephalin (C28H37N5O7), Nitrogen gas (N2) 
Solutions: 
Acetonitrile solutions:  Two acetonitrile solutions were prepared where one was 50%(v/v) and 
another at 95%(v/v). 
Ammonium acetate solution:  10mM solution was prepared  
Solvent A: Mix 10mM ammonium acetate in water 
Solvent B: Mix 10mM ammonium acetate with 95% acetonitrile solution. 
Procedure: 
Hydrolysate was prepared by centrifuging the samples in 2mL centrifuge tubes at 13 000 rpm to 
separate the solubilised material and biomass residue. The residue was separated from 
supernatant and discarded. The supernatant is diluted by a factor of 10 in 50% acetonitrile and 
mixed well using a vortex for 30s. The mixed sample is centrifuged at 3000 rpm for 10 min using a 
Hermle Z160M centrifuge and 1ml is added to an HPLC vial. The separation is conducted at 35°C 
in a Waters BEH Amide UPLC column. For the separation a flow rate of 0.25 ml/min is used where 
a gradient curve of 7 is applied where solvent B starts at 90% and goes to 40% over 9 min. Where 
a re-equilibration is done over 5 min to go back to initial conditions. Electrospray ionisation is 
conducted in the negative mode where 2.5kV is used for the capillary voltage, 15V is used for the 
cone voltage, a temperature of 250°C used for desolvation and a flowrate of 650l/h of N2 gas is 
used as a desolvation gas. Data collection was done in MSE mode which is consists of two 
different scans where the first scan uses low collision energy and the second that ramps up the 
collision energy from 25 to 60V. The scan rate used for the data is 0.2s with m/z 100-1000 range. 
Lock mass data is collected every 20s using a lock mass made up of leucine enkephalin with a 
flow rate of 0.002ml/min. The instrument is calibrated using sodium formate and a scanning range 
of 220-450 nm is used for the PDA detector. 
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Assay for determination of reducing sugars in solution: DNS Method 
Reference: Miller (1959) 
Materials and equipment: 
 Microplate reader: BioTek ELx 800 
 3, 5-dinitrosalicylic acid (DNS) (C7H4N2O7), Phenol (C6H6O), Sodium hydroxide (NaOH), 
Potassium sodium tartrate (KNaC4H4O6·4H2O) 
 Standard : Glucose (C6H12O6) 
Solutions: 
DNS Solution: A 25 mL DNS solution is prepared for every microplate by mixing 250 mg DNS, 
50mg phenol and 250mg NaOH and adding water up to 25mL.Cover with foil for storage. 
Potassium sodium tartrate solution: 40% w/v solution was prepared by dissolving 60g of potassium 
sodium tartrate in 116 mL of water. 
Procedure: 
Hydrolysate was prepared by centrifuging the samples in 2mL centrifuge tubes at 13 000 rpm to 
separate the solubilised material and biomass residue. The residue was separated from 
supernatant and discarded. In a 1.5mL tube mix 500μL of supernatant and 500μL of the DNS 
solution. The mixtures were heated at 90°C for 15 minutes. After heating immediately add 170μL 
potassium sodium tartrate solution to stabilise the colour. Let samples cool down to room 
temperature (± 10 minutes). In a 96-well microplate add 300μL of mixture to each well and read off 
the absorbance using a microplate reader at a wavelength of 590nm. 
Note: Handel phenol with care, use appropriate PPE and methodologies 
A known glucose solution was prepared and treated in the same way to generate a standard curve. 
The generated standard curve will have a maximum glucose concentration of 0.8 g/L. A blank is 
required where only distilled water is used as the blank. The five concentrations for the standard 
(including the blank) was prepared in 2mL tubes from a starting concentration of 0.8 g/L and 
diluted evenly 3 times with distilled water as depicted in Table 21. 
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Table 21: Glucose solutions for DNS method 
Sample Concentration (g/l) Dilution 
factor 
Starting 
volume (ml) 
Added dilution 
water (ml) 
Total volume 
(ml) 
1 0 N/A N/A 2.0 2.0 
2 0.2 4.00 0.5 1.5 2.0 
3 0.4 2.00 1.0 1.0 2.0 
4 0.6 1.33 1.5 0.5 2.0 
5 0.8 1.00 2.0 N/A 2.0 
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Phenol-sulphuric acid assay for determination of neutral sugars 
Reference: Masuko et al., (2005) 
Materials and equipment: 
 Microplate reader: BioTek ELx 800 
 Phenol (C6H6O), 98% Sulphuric acid (H2SO4) 
 Standard: Glucose 
Phenol solution: 5% w/v solution was prepared by dissolving 12.5g of potassium sodium tartrate in 
239 mL of water 
Procedure: 
Enzymatic hydrolysate was prepared by centrifuging the samples in 2mL centrifuge tubes at 
13 000 rpm to separate the solubilised material and biomass residue. The residue is separated 
from the supernatant and discarded. In a 1.5mL tube 750μl of sulphuric acid and 250μl of the 
supernatant are mixed. Right after mixing 150μl of the phenol solution is added and the samples 
are heated at 90°C for 5 minutes. Immediately after heating, the samples are placed in a water 
bath at room temperature to cool down. In a 96-well microplate add 300μL of mixture to each well 
and read off the absorbance using a microplate reader at a wavelength of 490nm. 
Note: Handel phenol with care, use appropriate PPE 
The same methodology is applied to known concentrations of glucose where the maximum 
glucose concentration is 0.05 g/l to generate a standard curve. Distilled water is used as the blank. 
The five concentrations for the standard (including the blank) was prepared in 2mL tubes from a 
starting concentration of 0.05 g/L and diluted evenly 3 times with distilled water as depicted in 
Table 22. 
Table 22: Glucose concentrations used for standard curve 
Sample Concentration (g/l) Dilution 
factor 
Starting 
volume (ml) 
Added dilution 
water (ml) 
Total volume 
(ml) 
1 0 N/A N/A 2.0 2.0 
2 0.013 4.00 0.5 1.5 2.0 
3 0.025 2.00 1.0 1.0 2.0 
4 0.038 1.33 1.5 0.5 2.0 
5 0.050 1.00 2.0 N/A 2.0 
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Solubilised alginate assay 
Reference: Lötze & Hoffman, (2016) 
Materials and equipment: 
 Microplate reader: BioTek ELx 800 
 32% Hydrochloric acid (HCl), Sodium carbonate (Na2CO3), Phenol (C6H6O), 98% Sulphuric 
acid (H2SO4) 
 Standard: Sodium Alginate 
Solutions: 
HCl solutions: 1M solution of HCL is prepared by mixing 98ml of 32% HCL with 1L distilled water 
and a 0.5M solution is prepared by mixing 250ml of 1M HCl and 250ml distilled water. 
Sodium carbonate solution: 3% Solution is made by mixing 7.5g of Na2CO3 and 247ml distilled 
water 
Phenol solution: 80% (w/v) phenol solution is prepared by adding 200g of phenol and mixing with 
68ml distilled water 
Phenol-sulphuric acid solution:  The solution consists out of mixing 3ml of the phenol solution and 
247ml of pure sulphuric acid. 
Procedure: 
The solubilised fraction of the enzymatic hydrolysate was separated from the residue by 
centrifuging the hydrolysate at 13 000 rpm and decanting off the supernatant. The residue is 
discarded. In a 2ml tube mix 1ml of the sample and 1mL 1M HCL to precipitate the alginate. 
Centrifuge the mixtures at 13 000 rpm for 10 minutes and discard the supernatant. To the solid 
pellet add up to 2ml of 0.5M HCl and vortex the tube to suspend the pellet. Centrifuge the mixtures 
again at 13 000 rpm and discard the supernatant. To this solid pellet add 1ml of the sodium 
carbonate solution and vortex the mixture, this will dissolve the pellet. Heat the samples at 50°C for 
20 minutes and centrifuge at 13 000 rpm for 1 minute and keep the supernatant. Lastly mix 0.5ml 
of the prepared sample and 1.5mL of the phenol-sulphuric acid solution and mix well. In a 96-well 
microplate add 300μL of mixture to each well and read off the absorbance using a microplate 
reader at a wavelength of 490nm. 
Note: Handel phenol and acids with care, use appropriate PPE 
The same methodology is applied to known concentrations of sodium alginate where the maximum 
concentration is 2 g/l to generate a standard curve. Distilled water is used as the blank. The five 
concentrations for the standard (including the blank) was prepared in 2mL tubes from a starting 
concentration of 2 g/L and diluted evenly 3 times with distilled water as depicted in Table 23 
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Table 23: Concentrations of sodium alginate for standard curve 
Sample Concentration (g/l) Dilution 
factor 
Starting 
volume (ml) 
Added dilution 
water (ml) 
Total volume 
(ml) 
1 0.0 N/A N/A 2.0 2.0 
2 0.5 4.00 0.5 1.5 2.0 
3 1.0 2.00 1.0 1.0 2.0 
4 1.5 1.33 1.5 0.5 2.0 
5 2.0 1.00 2.0 N/A 2.0 
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Determination of polyphenolic compounds using the Folin-Ciocalteu method 
Reference: Ainsworth & Gillespie, (2007) 
Materials and equipment: 
 Microplate reader: BioTek ELx 800 
 Folin-Ciocalteu reagent, Sodium carbonate (Na2CO3) 
 Standard: Gallic acid 
Solutions: 
Sodium carbonate solution: 7% Solution is made by mixing 17.5g of Na2CO3 and 243ml distilled 
water 
Procedure: 
Enzymatic hydrolysate was prepared by centrifuging the samples in 2mL centrifuge tubes at 
13 000 rpm to separate the solubilised material and biomass residue. The residue is separated 
from the supernatant and discarded. In a 2mL tube 30μl of sample was mixed with 500μl water and 
100μl Folin-Ciocalteu reagent and left to stand for 6 minutes. Afterwards add 1ml of the sodium 
carbonate solution and 300μl water and leave the mixtures to stand for 90 minutes. In a 96-well 
microplate add 300μL of mixture to each well and read off the absorbance using a microplate 
reader at a wavelength of 750nm. 
The same methodology is applied to known concentrations of sodium alginate where the maximum 
concentration is 0.5 g/l to generate a standard curve. Distilled water is used as the blank. The five 
concentrations for the standard (including the blank) was prepared in 2mL tubes from a starting 
concentration of 0.5 g/L and diluted evenly 3 times with distilled water as depicted in Table 24. 
Table 24: Gallic acid concentrations for standard curve 
Sample Concentration (g/l) Dilution 
factor 
Starting 
volume (ml) 
Added dilution 
water (ml) 
Total volume 
(ml) 
1 0.0 N/A N/A 2.0 2.0 
2 0.13 4.00 0.5 1.5 2.0 
3 0.25 2.00 1.0 1.0 2.0 
4 0.38 1.33 1.5 0.5 2.0 
5 0.50 1.00 2.0 N/A 2.0 
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Measuring antioxidant activity using the DMPD method 
Reference: Fogliano et al., (1999) 
Materials and equipment: 
 Microplate reader: BioTek ELx 800 
 N, N-Dimethyl-p-phenylenediamine dihydrochloride (DMPD), Ferric chloride (FeCl3), 
Sodium acetate (C2H3NaO2), Acetic acid (CH3COOH) 
 Standard: Trolox 
Solutions: 
DMPD solution: 10mM solution made by taking 209mg DMPD and adding 10ml distilled water 
Ferric chloride solution: 0.05M solution prepared by mixing 0.2g FeCl3 in 25ml distilled water which 
will have an absorbance of approximately 0.193 at 505nm. 
Sodium acetate solution: 0.1M solution is made up of 4.1g Sodium acetate and 500ml distilled 
water 
Acetic acid solution: 0.1M solution prepared by adding 3ml acetic acid and 497ml distilled water  
Procedure: 
Prepare an acetic acid buffer solution by mixing 200ml sodium acetate solution and 50ml of the 
acetic acid solution. This solution will have a pH of 5.25±0.1. Develop the DMPD radical solution by 
adding 50ml acetic acid buffer, 500μl DMPD solution and 100μl FeCl3 solution. The solution should 
have an absorbance of 0.962±1.000 at 505nm and is covered with foil when stored. 
The supernatant produced by centrifuging the enzymatic hydrolysate at 13 000 rpm is used for this 
analysis. In a 2ml tube 80μl of sample is added with 1.6ml of DMPD radical solution and mixed 
well. The blank used is ethanol due to the water insolubility of the trolox standard. Samples are left 
to stand for 10 minutes and in a 96-well microplate add 300μL of mixture to each well and read off 
the absorbance using a microplate reader at a wavelength of 490nm. The absorbance generated 
from the microplate is used to determine the antioxidant activity, 
A490(%) = (1 −
Af
A0
) × 100 
(1) 
where: 
A490 = Antioxidant activity at 490nm 
Af = Measured absorbance of the sample 
A0 = Absorbance of the blank 
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Table 25: Trolox concentrations used for standard curve 
Sample Concentration (g/l) Dilution 
factor 
Starting 
volume (ml) 
Added dilution 
water (ml) 
Total volume 
(ml) 
1 0.0 N/A N/A 2.0 2.0 
2 0.05 4.00 0.5 1.5 2.0 
3 0.10 2.00 1.0 1.0 2.0 
4 0.15 1.33 1.5 0.5 2.0 
5 0.20 1.00 2.0 N/A 2.0 
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Protocol for determination of total nitrogen: Kjeldahl method 
Reference: VELP Scientifica UDK129 Distillation unit operating manual, AOAC “Official methods of 
analysis” method 978.04. 
Materials and equipment: 
 UDK 129 Distillation unit, VELP Digester, SMS scrubber 
 Kjel-tab catalysts (CaSO4·5H2O and K2SO4) 
 98% Sulphuric acid (H2SO4), Sodium hydroxide (NaOH), Boric acid (H3BO3), Hydrochloric 
acid (HCl), Methyl red, Bromocresol green, 95% ethanol (C2H6O) 
Solutions: 
HCl solution: 0.01N solution prepared by adding 245μl HCl to 249.75 ml distilled water. Take care 
in preparing this solution has a significant impact on the assay accuracy and repeatability. 
Boric acid solution: 4% w/v solution made by adding 500ml distilled water to 20g of boric acid and 
using an electric stirrer to assist with dissolving the boric acid. 
Sodium hydroxide solution: 35% w/v solution is prepared by mixing 1000ml distilled water with 
350g NaOH pellets. 
Indicator solution:  Indicator solution is prepared by adding 34mg methyl red and 17mg 
bromocresol green in a 100ml bottle and making up the total volume up to 100ml with ethanol. 
Note: Take caution when working with the sulphuric acid, use the correct PPE. 
Procedure: 
Sample is prepared by centrifuging the hydrolysates at 13 000 rpm and keeping the supernatant. 
Weigh off 0.5-1.5g of the sample in a digestion tube and take note. Add two catalyst tablets and 
13ml sulphuric acid to the sample and digest in the VELP digester at 420°C for 60 minutes. 
Afterwards remove the tubes from the digester and leave to cool until approximately 50°C. When 
cooled down the tubes are placed in the distillation unit and a 250ml flask is placed with 30ml boric 
acid as the trapping solution. Take note to always add one blank (only water). The settings on the 
distillation unit need to be a distillation time of 5 minutes and 50ml NaOH. When distillation has 
been completed add the indicator to the 250ml flask which will turn the solution a blue/green 
colour. Using the HCL solution titrate the boric acid solution until it sarts showing traces of pink 
(endpoint). Using a conversion factor of 4.97 the crude proteins is determined from the percentage 
nitrogen, 
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%𝑁 =
1.4007(𝑉𝐻𝐶𝐿,𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑉𝐻𝐶𝐿,𝑏𝑙𝑎𝑛𝑘)
𝑊𝑠𝑎𝑚𝑝𝑙𝑒
𝐶𝐻𝐶𝐿 
(2) 
 with, 
VHCL,sample = volume titrant used on sample (ml) 
VHCL,blank = volume titrant used on blank (ml) 
Wsample = weight of the sample (g) 
CHCL = titrant solution concentration (M) 
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Protocol for the digestion of the liquid fraction of hydrolysate for HPLC preparation 
Reference: Sluiter et al., (2006) 
Materials and equipment: 
 Apex group SA-300VF Autoclave 
 98% Sulphuric acid (H2SO4), Calcium carbonate (CaCO3) 
Solutions: 
H2SO4 solution: 72% (v/v) solution is prepared by adding 180ml H2SO4 to 70ml distilled water 
Procedure: 
Sample is prepared by centrifuging the hydrolysates at 13 000 rpm and keeping the supernatant. 
Take 5ml of the supernatant and measure the pH. Determine the required volume of H2SO4 to add 
to the sample to have a concentration of 4% H2SO4, 
V72% =
[(𝐶4% × 𝑉𝑠) − (𝑉𝑠 × [𝐻
+] × 98.08)]
𝐶72%
 
(3) 
where,  
V72% = Volume 72% sulphuric acid to be added (ml) 
Vs = Sample volume (ml) 
C4% = Concentration of 4% (w/w) sulphuric acid (41 g/l) 
C72% = Concentration of 72% (w/w) sulphuric acid (1176.3 g/l) 
[H+] = Concentration of hydrogen ions (mol/l) determined from measured pH of sample 
After adding the 72% sulphuric acid, place the sample in a digester tube and cover with foil. 
Afterwards autoclave the solution at 121°C for 1 hour. Allow the samples to slowly cool down to 
room temperature before removing from the autoclave. Calcium carbonate is used to neutralise the 
samples to a pH of 5-6. Take note add calcium carbonate more slowly after pH 4. After 
neutralisation allow the sample to settle and decant off the clear liquid where the pH will be 
approximately 7. The clear liquid is then filtered through a 0.22μm filter and submitted for HPLC. 
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HPLC protocol used for monosaccharide quantification: 
Materials and equipment: 
 Dionex 3000 system with ELS detection 
 Waters XBridge 4.6x250mm column 
 Ammonium acetate (C2H7NO2), Ammonium hydroxide (NH4OH), Acetonitrile (C2H3N) 
Solutions: 
Eluent A: This eluent is prepared by mixing 10mM Ammonium acetate and 0.0125% NH4OH with 
water 
Eluent B: This eluent is prepared by mixing 85% Acetonitrile with 10mM Ammonium acetate and 
0.0125% NH4OH 
HPLC work was done on the Dionex 3000 system with a Waters Xbridge column. Conditions used 
in the analysis were a temperature of 30°C and a flowrate of 0.7ml/min. The gradien used in the 
analysis is presented in  
Table 26: Gradient use for HPLC analysis 
Minutes A% 
0 0 
27 8 
33 25 
35 25 
40 0 
45 0 
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Analysis of free amino acids using UPLC separation with UV detection with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) 
Materials and equipment: 
 AccQ-Tag Ultra amino acid kit 
o AccQ-Tag Ultra C18 2.1 x 100mm x 1.7μm column 
o Eluent A 
o Eluent B 
o Waters Acquity ultra performance liquid chromatography (UPLC) system with 
photodiode array (PDA) 
 Derivatization kit ( from AccQ-Tag Ultra amino acid kit) 
o AccQ-Tag derivatizing agent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate 
(AQC)) 
o Dry acetonitrile for AQC preparation 
o Sodium borate buffer (Na2[B4O5(OH)4]·8H2O) 
 Acetonitrile (C2H3N), L-Norvaline, Sodium hydroxide (NaOH), L-Norvaline 
Solutions: 
Eluent A: Solution where 950ml of deionized water is added to 50ml Eluent A concentrate. 
Eluent B: Supplied as part of the kit. Use as is. 
Weak wash solvent: 5% solution of acetonitrile in water 
Strong wash solvent: 95% acetonitrile in water 
AQC derivatizing agent: Add 1 mg of dry acetonitrile and add the vial containing 3mg of AQC. Vial 
then undergoes heating, vortexing and soniccated to fully dissolve the reagents. Store in a 
dessicator and replace after 1 week. 
L-Norvaline standard:  Add 10mg L-Norvaline to 10ml MilliQ water. This will make a 1000 ppm 
solution. Use a dilution factor of 5 to make a 200 ppm for sample preparation. 
Procedure: 
Sample is prepared by centrifuging the hydrolysates at 13 000 rpm and keeping the supernatant. In 
a 200μl in a 2ml glass vial add 70μl of the borate buffer. In the same vial add 10μl of the sample or 
standard and 20μl AQC agent. Close the vial and mix well by vortexing. Heat the vials at 55°C for 
10 minutes using a heating mantle. Afterwards vials are loaded into the autosampler tray for UPLC 
analysis. 
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Protocol for determining mannuronic to guluronic acid ratio 
Reference: (Wang, Chen, Wang, Wang, Fu, Zheng & Beecher, 2018) 
Materials and equipment 
 Waters Synapt G2, ESI Probe, ESI Pos 
 Waters BEH C18 2.1x100mm, 1.7μm column 
 Sodium Hydroxide (NaOH), Acetonitrile (C2H3N), Formic acid (CH2O2), Water (H2O) 
Solutions: 
Solvent A: Only water 
Solvent B: Acetonitrile containing 0.1% formic acid 
Procedure: 
For the first 45 minutes Solvent B is run up from 20% to 30% where it is decreased to 20% for 10 
minutes afterwards. A flow rate of 0.3 mL/min was used at a column temperature of 30°C and 
injection volume of 15μL. A detection setting of 248nm was used. 
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Appendix B : Enzyme screening raw data and statistical results 
Reducing sugars 
Table 27: Raw data for reducing sugars for Cellulase Acx 8000L 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.419 0.415 0.401 16 5.41 5.35 5.16 
1 0.420 0.418 0.430 16 5.42 5.40 5.56 
2 0.438 0.433 0.444 16 5.67 5.60 5.76 
3 0.454 0.454 0.436 16 5.89 5.89 5.64 
 
Table 28: Raw data for reducing sugars for Laminarinase AP-L 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.445 0.437 0.42 16 5.77 5.66 5.42 
1 0.502 0.499 0.48 16 6.56 6.52 6.25 
2 0.619 0.611 0.574 16 8.18 8.07 7.55 
3 0.537 0.519 0.513 16 7.04 6.79 6.71 
 
Table 29: Raw data for reducing sugars for Accellerase® 1500 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.19 0.169 0.185 32 4.48 3.90 4.34 
1 0.198 0.196 0.184 32 4.70 4.64 4.31 
2 0.237 0.234 0.231 32 5.78 5.70 5.61 
3 0.283 0.282 0.273 32 7.05 7.03 6.78 
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Table 30: Raw data for reducing sugars for alginate lyase 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.448 0.456 0.445 16 5.81 5.92 5.77 
1 0.462 0.466 0.444 16 6.00 6.06 5.76 
2 0.516 0.517 0.527 16 6.75 6.77 6.90 
3 0.324 0.330 0.320 16 4.09 4.18 4.04 
 
Table 31: Raw data for reducing sugars for SEB Digest B69P 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.552 0.528 0.557 16 0.45 0.43 0.46 
1 0.614 0.597 0.648 16 0.51 0.49 0.54 
2 0.456 0.582 0.494 16 0.37 0.48 0.40 
3 0.802 0.787 0.826 16 0.67 0.66 0.69 
 
Table 32: Raw data for reducing sugars for Alcalase 2.5L PF 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.435 0.442 0.423 16 0.35 0.36 0.34 
1 0.504 0.51 0.5 16 0.41 0.42 0.41 
2 0.55 0.548 0.537 16 0.45 0.45 0.44 
3 0.500 0.538 0.444 16 0.41 0.44 0.36 
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Statistical results on on the changes of reducing sugars 
Table 33: Carbohydrases ANOVA result for first hour on reducing sugar changes 
Source of Variation SS df MS F P-value F crit 
Between Groups 310.72 3 103.57 3.28 0.08 4.07 
Within Groups 252.52 8 31.56 
   Total 563.24 11         
 
Table 34: Carbohydrases ANOVA result for second hour on reducing sugar changes 
Source of 
Variation SS df MS F P-value 
F 
crit 
Between Groups 2255.23 3 751.74 24.70 2.13E-04 4.07 
Within Groups 243.52 8 30.44 
   Total 2498.75 11         
 
Table 35: Carbohydrases ANOVA result for third hour on reducing sugar changes 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 13575.84 3 4525.28 96.47 1.27E-06 4.07 
Within Groups 375.28 8 46.91 
   Total 13951.12 11         
 
Table 36: Proteases ANOVA result for first hour on reducing sugar changes 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 16.82 1 16.82 3.34 0.14 7.71 
Within Groups 20.16 4 5.04 
   Total 36.99 5         
 
Table 37: Proteases ANOVA result for second hour on reducing sugar changes 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 1740.74 1 1740.74 14.67 0.02 7.71 
Within Groups 474.65 4 118.66 
   Total 2215.39 5         
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Table 38: Proteases ANOVA result for third hour on reducing sugar changes 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 1869.90 1 1869.90 43.74 2.71E-03 7.71 
Within Groups 171.00 4 42.75 
   Total 2040.90 5         
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Neutral sugars 
Table 39: Cellulase Acx 8000L raw data for neutral sugars 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 1.002 0.829 0.744 64 1.36 1.09 0.95 
1 0.829 0.814 0.789 64 1.09 1.06 1.02 
2 0.976 0.811 0.828 64 1.32 1.06 1.09 
3 0.951 0.808 0.788 64 1.28 1.05 1.02 
 
Table 40: Laminarinase AP-L raw data for neutral sugars 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.974 0.851 0.849 64 1.32 1.12 1.12 
1 0.943 0.933 0.889 64 1.27 1.25 1.18 
2 0.684 0.678 0.672 64 0.85 0.84 0.84 
3 0.961 0.932 0.91 64 1.30 1.25 1.22 
 
Table 41: Accellerase® 1500 raw data for neutral sugars 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.868 0.902 0.919 64 1.15 1.20 1.23 
1 1.025 1.038 0.914 64 1.40 1.42 1.22 
2 1.073 1.086 1.076 64 1.48 1.50 1.48 
3 1.063 1.07 0.99 64 1.46 1.47 1.35 
 
Table 42: Alginate lyase raw data for neutral sugars 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.985 0.868 0.781 64 1.34 1.15 1.01 
1 1.081 0.775 0.652 64 1.49 1.00 0.80 
2 1.035 0.774 0.798 64 1.42 1.00 1.04 
3 0.89 0.895 0.721 64 1.18 1.19 0.91 
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Table 43: SEB Digest B69P raw data for neutral sugars 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.639 0.644 0.454 128 1.56 1.58 0.97 
1 0.59 0.576 0.454 128 1.41 1.36 0.97 
2 0.616 0.626 0.590 128 1.49 1.52 1.41 
3 0.637 0.678 0.611 128 1.56 1.69 1.47 
 
Table 44: Alcalase 2.5L PF raw data for neutral sugars 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g GE/L) 
n n 
0 0.922 0.932 0.818 64 1.24 1.25 1.07 
1 0.951 0.894 0.757 64 1.28 1.19 0.97 
2 1 0.988 0.847 64 1.36 1.34 1.12 
3 1.037 1.023 0.748 64 1.42 1.40 0.96 
 
Statistical results on the changes of neutral sugars 
Table 45: Carbohydrase ANOVA results on neutral sugar changes after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 792.73 3 264.24 1.54 0.28 4.07 
Within Groups 1375.79 8 171.97 
   Total 2168.52 11         
 
Table 46: Carbohydrase ANOVA results on neutral sugar changes after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 4258.29 3 1419.43 22.48 2.98E-04 4.07 
Within Groups 505.14 8 63.14 
   Total 4763.43 11         
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Table 47: Carbohydrase ANOVA results on neutral sugars changes after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 1082.64 3 360.88 5.71 2.18E-02 4.07 
Within Groups 505.24 8 63.16 
   Total 1587.88 11         
 
Table 48: Protease ANOVA results on neutral sugar changes after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 30.82 1 30.82 0.65 0.46 7.71 
Within Groups 188.42 4 47.11 
   Total 219.24 5         
 
Table 49: Protease ANOVA results on neutral sugar changes after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 37.13 1 37.13 0.09 0.78 7.71 
Within Groups 1626.35 4 406.59 
   Total 1663.48 5         
 
Table 50: Protease ANOVA results on neutral sugar changes after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 298.15 1 298.15 0.60 0.48 7.71 
Within Groups 1986.51 4 496.63 
   Total 2284.66 5         
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Solubilised alginate 
Table 51: Cellulase Acx 8000L raw data for solubilised alginate 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.121 0.21 0.165 2 0.35 0.69 0.51 
1 0.167 0.179 0.184 2 0.52 0.57 0.59 
2 0.153 0.194 0.174 2 0.47 0.63 0.55 
3 0.139 0.151 0.139 2 0.41 0.46 0.41 
 
Table 52: Laminarinase AP-L raw data for solubilised alginate 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.159 0.145 0.14 2 0.49 0.44 0.42 
1 0.133 0.144 0.148 2 0.39 0.43 0.45 
2 0.128 0.164 0.123 2 0.37 0.51 0.35 
3 0.16 0.128 0.134 2 0.50 0.37 0.40 
 
Table 53: Accellerase® 1500 raw data for solubilised alginate 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.117 0.118 0.137 2 0.33 0.33 0.41 
1 0.108 0.121 0.112 2 0.30 0.35 0.31 
2 0.097 0.106 0.121 2 0.25 0.29 0.35 
3 0.147 0.142 0.141 2 0.45 0.43 0.42 
 
Table 54: Alginate lyase raw data for solubilised alginate 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.308 0.314 0.301 2 0.53 0.54 0.52 
1 0.288 0.314 0.333 2 0.49 0.54 0.58 
2 0.325 0.365 0.370 2 0.56 0.64 0.65 
3 0.343 0.346 0.346 2 0.60 0.60 0.60 
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Table 55: SEB Digest B69P raw data for solubilised alginate 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.238 0.247 0.243 2 0.79 0.83 0.81 
1 0.389 0.388 0.382 2 1.37 1.37 1.35 
2 0.291 0.292 0.288 2 1.00 1.00 0.99 
3 0.245 0.243 0.238 2 0.82 0.81 0.79 
 
Table 56: Alcalase 2.5L PF raw data for solubilised alginate 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.293 0.289 0.287 2 1.01 0.99 0.98 
1 0.294 0.333 0.32 2 1.01 1.16 1.11 
2 0.309 0.356 0.317 2 1.07 1.25 1.10 
3 0.347 0.344 0.361 2 1.21 1.20 1.27 
 
Statistical results on the change in solubilised alginate 
Table 57: Carbohydrase ANOVA results for solubilised alginate after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 1144.81 3 381.60 0.92 0.47 4.07 
Within Groups 3300.46 8 412.56 
   Total 4445.27 11         
 
Table 58: Carbohydrase ANOVA results for solubilised alginate after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 2274.11 3 758.04 2.77 0.11 4.07 
Within Groups 2192.09 8 274.01 
   Total 4466.20 11         
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Table 59: Carbohydrase ANOVA results for solubilised alginate after third hours 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 2239.36 3 746.45 2.73 0.11 4.07 
Within Groups 2183.48 8 272.94 
   Total 4422.84 11         
 
Table 60: Protease ANOVA results for solubilised alginate after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 5014.97 1 5014.97 106.48 4.98E-04 7.71 
Within Groups 188.39 4 47.10 
   Total 5203.35 5         
 
Table 61: Protease ANOVA results for solubilised alginate after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 94.95 1 94.95 1.70 2.63E-01 7.71 
Within Groups 223.71 4 55.93 
   Total 318.67 5         
 
Table 62: Protease ANOVA results for solubilised alginate after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 855.94 1 855.94 54.78 1.78E-03 7.71 
Within Groups 62.50 4 15.62 
   Total 918.44 5         
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Polyphenolic compounds 
Table 63: Cellulase Acx 8000L raw data for polyphenolic compounds 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.557 0.558 0.565 1 0.36 0.36 0.37 
1 0.649 0.658 0.661 1 0.43 0.44 0.44 
2 0.615 0.618 0.614 1 0.40 0.41 0.40 
3 0.64 0.645 0.649 1 0.42 0.43 0.43 
 
Table 64: Laminarinase AP-L raw data for polyphenolic compounds 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.639 0.639 0.644 1 0.42 0.42 0.43 
1 0.669 0.666 0.673 1 0.44 0.44 0.45 
2 0.652 0.658 0.633 1 0.43 0.44 0.42 
3 0.704 0.712 0.72 1 0.47 0.47 0.48 
 
Table 65: Accellerase® 1500 raw data for polyphenolic compounds 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.557 0.563 0.539 1 0.36 0.37 0.35 
1 0.648 0.647 0.648 1 0.43 0.43 0.43 
2 0.636 0.635 0.638 1 0.42 0.42 0.42 
3 0.693 0.69 0.696 1 0.46 0.46 0.46 
 
Table 66: Alginate lyase raw data for polyphenolic content 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.662 0.667 0.645 1 0.44 0.44 0.43 
1 0.703 0.705 0.707 1 0.47 0.47 0.47 
2 0.68 0.693 0.687 1 0.45 0.46 0.46 
3 0.69 0.697 0.704 1 0.46 0.46 0.47 
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Table 67: SEB Digest B69P raw data for polyphenolic compounds 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.775 0.795 0.787 1 0.52 0.53 0.53 
1 0.792 0.808 0.763 1 0.53 0.54 0.51 
2 0.831 0.848 0.844 1 0.56 0.57 0.57 
3 0.878 0.888 0.894 1 0.59 0.60 0.61 
 
Table 68: Alcalase 2.5L PF raw data for polyphenolic compounds 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.873 0.891 0.892 1 0.59 0.60 0.60 
1 0.934 0.964 0.957 1 0.63 0.66 0.65 
2 0.932 0.923 0.920 1 0.63 0.63 0.62 
3 1.042 1.055 1.04 1 0.71 0.72 0.71 
 
Statistical results on the changes in polyphenolic compounds 
Table 69: Carbohydrase ANOVA results for polyphenolic compounds after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 490.95 3 163.65 41.81 3.10E-05 4.07 
Within Groups 31.32 8 3.91 
   Total 522.26 11         
 
Table 70: Carbohydrase ANOVA result for polyphenolic compounds after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 423.19 3 141.06 23.58 2.51E-04 4.07 
Within Groups 47.85 8 5.98 
   Total 471.04 11         
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Table 71: Carbohydrase ANOVA results for polyphenolic compounds after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 754.58 3 251.53 40.62 3.46E-05 4.07 
Within Groups 49.54 8 6.19 
   Total 804.12 11         
 
Table 72: Protease ANOVA results on polyphenolic compounds after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 36.27 1 36.27 73.20 1.34E-02 18.51 
Within Groups 0.99 2 0.50 
   Total 37.26 3         
 
Table 73: Protease ANOVA results for polyphenolic compounds after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 11.52 1 11.52 5.07 8.75E-02 7.71 
Within Groups 9.10 4 2.27 
   Total 20.62 5         
 
Table 74: Protease ANOVA results on polyphenolic compounds after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 45.07 1 45.07 25.87 7.05E-03 7.71 
Within Groups 6.97 4 1.74 
   Total 52.04 5         
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Antioxidant capacity 
Table 75: Cellulase Acx 8000L raw data for antioxidants 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.242 0.243 0.241 1 0.24 0.24 0.24 
1 0.199 0.199 0.198 1 0.26 0.26 0.27 
2 0.199 0.197 0.197 1 0.26 0.27 0.27 
3 0.2 0.199 0.199 1 0.26 0.26 0.26 
 
Table 76: Laminarinase AP-L raw data for antioxidants 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.199 0.197 0.195 1 0.26 0.27 0.27 
1 0.193 0.188 0.192 1 0.27 0.27 0.27 
2 0.187 0.182 0.183 1 0.27 0.27 0.27 
3 0.184 0.18 0.175 1 0.27 0.28 0.28 
 
Table 77: Accellerase® 1500 raw data for antioxidants 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.168 0.167 0.167 1 0.28 0.28 0.28 
1 0.165 0.166 0.165 1 0.29 0.28 0.29 
2 0.164 0.162 0.164 1 0.29 0.29 0.29 
3 0.161 0.158 0.157 1 0.29 0.29 0.29 
 
Table 78: Alginate lyase raw data for antioxidants 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.218 0.216 0.216 1 0.25 0.25 0.25 
1 0.236 0.233 0.230 1 0.24 0.24 0.25 
2 0.235 0.234 0.232 1 0.24 0.24 0.24 
3 0.238 0.234 0.236 1 0.24 0.24 0.24 
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Table 79: SEB Digest B69P raw data for antioxidants 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.277 0.279 0.277 1 0.22 0.22 0.22 
1 0.290 0.290 0.289 1 0.21 0.21 0.21 
2 0.297 0.301 0.301 1 0.20 0.20 0.20 
3 0.314 0.317 0.320 1 0.19 0.19 0.19 
 
Table 80: Alcalase 2.5L PF raw data for antioxidants 
Time (h) 
Absorbance Dilution 
factor 
Concentration (g SAE/L) 
n n 
0 0.275 0.273 0.272 1 0.22 0.22 0.22 
1 0.288 0.285 0.286 1 0.21 0.21 0.21 
2 0.291 0.279 0.288 1 0.21 0.22 0.21 
3 0.308 0.304 0.302 1 0.20 0.20 0.20 
 
Statisitical results on antioxidant capacity results 
Table 81: Carbohydrase ANOVA results for antioxidants after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 369.32 3 123.11 594.93 9.74E-10 4.07 
Within Groups 1.66 8 0.21 
   Total 370.98 11         
 
Table 82: Carbohydrase ANOVA results for antioxidants after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 381.22 3 127.07 1154.04 6.95E-11 4.07 
Within Groups 0.88 8 0.11 
   Total 382.10 11         
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Table 83: Carbohydrase ANOVA results for antioxidants after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 378.69 3 126.23 821.17 2.70E-10 4.07 
Within Groups 1.23 8 0.15 
   Total 379.92 11         
 
Table 84: Protease ANOVA results for antioxidants after first hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 0.09 1 0.09 1.14 3.47E-01 7.71 
Within Groups 0.30 4 0.08 
   Total 0.39 5         
 
Table 85: Protease ANOVA results for antioxidants after second hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 10.97 1 10.97 7.37 5.32E-02 7.71 
Within Groups 5.95 4 1.49 
   Total 16.93 5         
 
Table 86: Protease ANOVA results for antioxidants after third hour 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 8.56 1 8.56 16.54 1.53E-02 7.71 
Within Groups 2.07 4 0.52 
   Total 10.63 5         
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Appendix C :  Raw data and statistical results of experimental 
designs 
SEB Digest B69P 
Table 87 to Table 93 show the raw data results for the responses used to investigate the 
optimisation of SEB Digest B69P. Additionally Figure 52 to  
Figure 58 are added to give a visual presentation of the data, the errors are excluded from the 
figures to avoid the figures becoming visually overwhelming. This is done to give a better visual 
indication as to the trends of the responses throughout the hydrolysis time of six hours.  
Table 87: Raw data results for SEB Digest B69P reducing sugars where the results are presented as mean±standard 
deviation. 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 1.09±0.01 1.29±0.04 0.99±0.01 1.04±0.06 1.61±0.10 0.93±0.010 1.92±0.01 
2 1.15±0.08 0.95±0.01 0.92±0.01 1.60±0.04 1.05±0.03 0.98±0.03 2.03±0.04 
3 1.41±0.01 1.03±0.01 2.16±0.04 1.19±0.03 1.74±0.03 1.89±0.04 1.23±0.01 
4 2.56±0.08 1.87±0.06 4.48±0.08 1.31±0.04 2.30±0.10 2.60±0.22 3.17±0.14 
5 1.14±0.03 0.97±0.01 1.00±0.03 1.51±0.01 1.06±0.01 1.98±0.03 1.35±0.01 
6 0.99±0.01 1.32±0.13 1.76±0.13 1.50±0.01 1.34±0.04 1.85±0.09 1.10±0.06 
7 5.23±0.13 3.48±0.36 2.68±0.16 1.74±0.17 2.53±0.06 2.08±0.16 3.45±0.04 
8 1.09±0.08 1.00±0.03 1.12±0.10 1.73±0.01 1.05±0.05 1.18±0.01 1.20±0.05 
9 1.32±0.03 1.13±0.05 2.25±0.04 2.06±0.10 2.08±0.13 1.55±0.22 1.29±0.18 
10 0.81±0.01 0.61±0.01 0.92±0.04 0.87±0.08 1.49±0.04 1.08±0.01 0.99±0.07 
11 1.09±0.11 0.93±0.03 1.10±0.04 0.87±0.01 0.88±0.01 1.04±0.03 1.09±0.01 
12 0.92±0.09 1.34±0.11 1.59±0.01 1.24±0.04 1.11±0.03 1.43±0.35 1.15±0.04 
13 1.32±0.04 1.44±0.03 1.78±0.03 1.00±0.01 0.90±0.03 1.43±0.06 1.25±0.01 
14 1.27±0.08 2.10±0.10 1.93±0.05 1.77±0.01 2.55±0.14 2.35±0.06 1.76±0.04 
15 1.71±0.06 3.71±0.13 1.45±0.06 3.74±0.20 5.62±0.04 4.88±0.27 5.21±0.22 
16 0.91±0.04 1.14±0.01 1.23±0.01 0.87±0.08 1.09±0.01 1.00±0.10 0.92±0.08 
17 1.59±0.04 2.10±0.06 1.99±0.12 1.45±0.06 2.51±0.10 1.54±0.03 1.93±0.07 
18 1.31±0.01 1.51±0.04 1.48±0.10 1.35±0.06 2.04±0.01 1.02±0.10 1.59±0.04 
19 1.26±0.08 1.44±0.05 1.08±0.01 1.20±0.06 1.32±0.04 1.08±0.03 1.13±0.01 
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Figure 52: Presentation of the means of reducing sugars for SEB Digest B69P 
Table 88: Raw data results for SEB Digest B69P neutral sugars where the results are presented as mean± standard 
deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 1.96±0.04 1.68±0.11 1.47±0.11 1.60±0.10 1.55±0.04 0.62±0.06 1.10±0.06 
2 1.66±0.02 1.39±0.01 1.14±0.06 1.43±0.11 1.95±0.17 1.50±0.08 1.62±0.03 
3 2.53±0.31 2.74±0.17 2.59±0.21 3.16±0.05 2.65±0.24 2.71±0.37 2.82±0.37 
4 2.27±0.07 2.52±0.11 2.38±0.13 0.20±0.02 2.91±0.04 2.52±0.02 2.54±0.03 
5 2.71±0.08 2.65±0.08 2.70±0.09 2.28±0.64 1.72±0.61 2.32±0.47 2.68±0.46 
6 1.37±0.04 1.70±0.03 1.62±0.03 1.13±0.06 1.14±0.07 1.35±0.06 1.84±0.38 
7 2.17±0.04 2.92±0.20 1.94±0.02 2.30±0.02 2.66±0.02 2.51±0.05 2.55±0.07 
8 2.85±0.17 3.71±0.33 2.93±0.08 3.59±0.10 3.05±0.07 3.54±0.16 2.93±0.07 
9 2.84±0.15 2.88±0.46 2.52±0.55 2.89±0.16 2.94±0.64 3.14±0.06 2.50±0.61 
10 1.46±0.76 2.47±0.24 1.97±0.61 2.34±0.06 2.43±0.63 2.47±0.34 2.25±0.48 
11 2.56±0.28 2.53±0.15 2.47±0.30 2.62±0.29 2.29±0.15 2.59±0.14 3.14±0.39 
12 2.10±0.36 3.05±0.32 3.05±0.25 3.07±0.26 3.29±0.28 3.07±0.37 3.33±0.34 
13 1.78±0.27 2.91±0.29 2.98±0.25 2.54±0.56 2.55±0.41 2.53±0.10 2.45±0.19 
14 3.03±0.05 2.55±0.64 1.65±0.38 2.91±0.51 2.66±0.61 3.09±0.47 3.07±0.17 
15 1.99±0.02 2.03±0.04 2.43±0.15 2.58±0.05 2.61±0.04 2.57±0.05 2.39±0.16 
16 2.78±0.72 2.60±0.71 2.99±0.07 3.37±0.02 3.44±0.19 2.91±0.11 2.53±0.49 
17 2.32±0.39 3.14±0.03 3.33±0.16 2.24±0.25 3.10±0.52 2.90±0.55 2.87±0.51 
18 3.07±0.08 2.93±0.04 2.54±0.22 2.89±0.34 2.39±0.26 4.17±0.65 2.78±0.37 
19 2.08±0.61 2.83±0.46 2.24±0.2 2.52±0.62 2.92±0.61 2.35±0.83 2.06±0.47 
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Figure 53: Presentation of the means of neutral sugars for SEB Digest B69P  
Table 89: Raw data results for SEB Digest B69P solubilised alginate where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.52±0.02 0.46±0.07 0.37±0.09 0.49±0.13 0.34±0.04 0.46±0.11 0.29±0.03 
2 0.98±0.08 1.15±0.09 1.06±0.14 1.07±0.35 0.94±0.04 0.66±0.09 1.12±0.13 
3 1.86±0.13 1.98±0.15 2.20±0.23 2.12±0.12 1.69±0.06 1.50±0.04 1.61±0.06 
4 0.74±0.02 0.98±0.08 1.28±0.15 1.08±0.24 0.87±0.06 0.74±0.02 0.89±0.10 
5 0.86±0.05 1.07±0.06 0.74±0.02 0.61±0.03 0.77±0.04 1.07±0.04 0.81±0.08 
6 0.97±0.06 1.22±0.44 0.97±0.03 1.05±0.02 1.02±0.09 0.99±0.05 0.86±0.14 
7 0.98±0.18 1.44±0.18 1.49±0.11 1.69±0.09 1.30±0.12 1.17±0.19 2.09±0.23 
8 1.44±0.09 1.63±0.04 2.26±0.14 2.03±0.04 1.54±0.04 1.60±0.05 1.66±0.04 
9 0.87±0.05 1.83±0.16 1.05±0.17 0.97±0.02 1.13±0.09 0.84±0.06 1.24±0.06 
10 0.35±0.08 0.67±0.05 0.97±0.09 0.61±0.06 0.74±0.06 0.88±0.07 1.01±0.06 
11 0.76±0.02 0.59±0.24 0.39±0.11 0.11±0.11 0.61±0.08 0.68±0.01 0.30±0.07 
12 0.72±0.08 3.22±0.09 3.65±0.16 3.48±0.13 3.10±0.17 2.28±0.03 2.94±0.08 
13 0.87±0.06 1.80±0.27 2.17±0.20 1.48±0.17 1.41±0.34 1.36±0.08 1.48±0.25 
14 1.16±0.06 1.07±0.09 1.26±0.09 1.36±0.04 1.04±0.09 0.83±0.03 1.35±0.12 
15 0.53±0.03 1.75±0.29 1.14±0.03 1.22±0.24 0.79±0.15 1.13±0.34 0.80±0.12 
16 0.81±0.09 1.31±0.07 0.90±0.04 0.91±0.01 0.91±0.17 0.99±0.14 1.25±0.08 
17 0.86±0.11 1.84±0.32 1.06±0.17 1.82±0.40 1.80±0.01 1.70±0.13 1.50±0.09 
18 0.66±0.06 1.28±0.16 1.22±0.06 1.68±0.17 1.19±0.06 1.25±0.05 1.45±0.08 
19 0.68±0.16 0.76±0.07 1.01±0.10 1.05±0.12 1.02±0.21 1.06±0.05 0.79±0.21 
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Figure 54: Presentation of the means of solubilised alginate for SEB Digest B69P  
Table 90: Raw data results for SEB Digest B69P polyphenolic compounds where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.23±0.01 0.32±0.01 0.33±0.02 0.28±0.01 0.28±0.01 0.35±0.01 0.35±0.01 
2 0.34±0.02 0.28±0.01 0.29±0.01 0.36±0.02 0.36±0.01 0.35±0.02 0.37±0.01 
3 0.27±0.01 0.28±0.01 0.30±0.01 0.32±0.01 0.27±0.01 0.33±0.01 0.33±0.02 
4 0.33±0.01 0.35±0.01 0.36±0.01 0.36±0.01 0.35±0.01 0.35±0.01 0.36±0.01 
5 0.36±0.01 0.34±0.01 0.34±0.01 0.38±0.01 0.38±0.01 0.39±0.01 0.36±0.02 
6 0.33±0.01 0.36±0.01 0.36±0.01 0.39±0.01 0.37±0.02 0.34±0.01 0.35±0.01 
7 0.33±0.03 0.35±0.01 0.37±0.01 0.37±0.01 0.37±0.01 0.35±0.01 0.40±0.01 
8 0.32±0.02 0.39±0.02 0.41±0.02 0.46±0.01 0.39±0.01 0.40±0.01 0.40±0.02 
9 0.29±0.01 0.30±0.02 0.28±0.01 0.28±0.01 0.32±0.01 0.30±0.01 0.27±0.01 
10 0.34±0.01 0.34±0.01 0.26±0.01 0.35±0.01 0.34±0.01 0.33±0.01 0.33±0.01 
11 0.29±0.01 0.29±0.01 0.30±0.01 0.27±0.01 0.30±0.01 0.30±0.01 0.33±0.01 
12 0.31±0.01 0.42±0.02 0.37±0.01 0.45±0.01 0.45±0.01 0.44±0.03 0.46±0.02 
13 0.32±0.01 0.30±0.02 0.32±0.01 0.28±0.01 0.42±0.01 0.29±0.01 0.28±0.01 
14 0.34±0.05 0.31±0.01 0.30±0.01 0.30±0.01 0.34±0.01 0.33±0.01 0.34±0.01 
15 0.33±0.01 0.33±0.01 0.35±0.01 0.36±0.01 0.34±0.01 0.34±0.01 0.35±0.01 
16 0.33±0.01 0.37±0.01 0.35±0.01 0.34±0.01 0.35±0.01 0.35±0.01 0.35±0.01 
17 0.34±0.01 0.34±0.02 0.35±0.01 0.34±0.02 0.27±0.01 0.34±0.02 0.35±0.01 
18 0.34±0.01 0.36±0.01 0.35±0.01 0.34±0.01 0.35±0.01 0.34±0.01 0.33±0.01 
19 0.32±0.02 0.29±0.01 0.31±0.01 0.33±0.01 0.30±0.01 0.28±0.01 0.32±0.01 
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Figure 55: Presentation of the means of polyphenolic compounds for SEB Digest B69P  
Table 91: Raw data results for SEB Digest B69P antioxidant capacity where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.25±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 
2 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 
3 0.23±0.01 0.22±0.01 0.22±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 
4 0.23±0.01 0.22±0.01 0.22±0.01 0.21±0.01 0.22±0.01 0.21±0.01 0.21±0.01 
5 0.26±0.01 0.26±0.01 0.27±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 
6 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 0.26±0.01 
7 0.24±0.01 0.22±0.01 0.22±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 
8 0.24±0.01 0.22±0.01 0.21±0.01 0.20±0.01 0.20±0.01 0.2±0.01 0.20±0.02 
9 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 
10 0.25±0.01 0.25±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.23±0.01 0.23±0.01 
11 0.27±0.01 0.27±0.01 0.27±0.01 0.27±0.01 0.27±0.01 0.27±0.01 0.27±0.01 
12 0.22±0.01 0.20±0.01 0.18±0.02 0.19±0.01 0.18±0.01 0.17±0.02 0.17±0.02 
13 0.25±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.23±0.01 0.23±0.01 0.23±0.01 
14 0.25±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.23±0.01 0.24±0.01 
15 0.24±0.01 0.24±0.01 0.24±0.01 0.23±0.01 0.24±0.01 0.23±0.01 0.23±0.01 
16 0.25±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 0.24±0.01 
17 0.26±0.02 0.25±0.01 0.25±0.01 0.25±0.01 0.24±0.01 0.24±0.01 0.24±0.01 
18 0.26±0.02 0.25±0.01 0.25±0.01 0.25±0.01 0.24±0.01 0.24±0.01 0.24±0.01 
19 0.24±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.22±0.01 0.23±0.01 0.22±0.01 
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Figure 56: Presentation of the means of antioxidant capacity for SEB Digest B69P  
Table 92: Raw data results for SEB Digest B69P dry material where the results are presented as mean ± standard 
deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 3.47±0.03 3.86±0.05 3.68±0.04 4.26±0.01 3.96±0.04 3.93±0.03 3.79±0.02 
2 3.94±0.02 3.78±0.04 4.11±0.03 3.32±0.03 4.11±0.03 4.32±0.05 3.25±0.06 
3 3.60±0.05 3.67±0.03 3.74±0.04 3.93±0.03 3.81±0.06 4.03±0.05 4.11±0.03 
4 4.34±0.06 3.08±0.08 4.79±0.03 3.70±0.09 4.36±0.05 4.19±0.05 4.79±0.06 
5 3.89±0.04 4.11±0.06 3.84±0.05 4.41±0.07 4.28±0.02 4.44±0.03 3.97±0.05 
6 3.84±0.04 4.13±0.07 3.92±0.06 4.32±0.03 4.02±0.06 3.79±0.04 3.59±0.08 
7 3.61±0.07 4.14±0.02 4.8±0.04 4.83±0.04 4.21±0.09 3.7±0.08 3.67±0.04 
8 4.08±0.09 4.19±0.07 4.23±0.03 4.84±0.03 3.98±0.04 4.24±0.05 3.91±0.07 
9 4.91±0.08 4.18±0.03 4.40±0.06 3.99±0.09 4.34±0.01 4.17±0.01 4.31±0.11 
10 3.70±0.05 4.14±0.03 3.85±0.04 3.97±0.03 3.93±0.02 3.62±0.06 4.10±0.03 
11 3.61±0.05 3.69±0.01 3.29±0.06 3.92±0.02 3.64±0.07 4.08±0.03 4.19±0.06 
12 3.61±0.04 3.89±0.02 4.23±0.05 4.24±0.03 4.55±0.10 4.17±0.03 4.27±0.05 
13 3.72±0.07 4.20±0.02 3.97±0.04 3.71±0.09 3.92±0.06 4.02±0.05 4.14±0.02 
14 3.71±0.08 4.20±0.11 4.43±0.11 4.37±0.05 4.72±0.12 4.92±0.06 4.41±0.06 
15 3.69±0.10 3.63±0.04 3.65±0.07 4.82±0.03 4.22±0.03 4.29±0.05 5.43±0.10 
16 3.98±0.05 3.60±0.02 4.32±0.03 3.96±0.08 4.07±0.04 4.20±0.01 4.17±0.08 
17 3.90±0.03 3.68±0.09 4.35±0.05 4.05±0.06 4.51±0.11 4.16±0.03 3.98±0.08 
18 3.80±0.06 4.19±0.10 4.15±0.02 4.05±0.10 4.07±0.04 3.92±0.06 4.08±0.05 
19 3.86±0.06 4.30±0.05 4.89±0.07 4.8±0.04 4.27±0.05 4.54±0.03 4.77±0.09 
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Figure 57: Presentation of the means of dry material for SEB Digest B69P  
Table 93: Raw data results for SEB Digest B69P crude protein where the results are presented as mean ± standard 
deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.20±0.01 0.20±0.02 0.21±0.02 0.34±0.04 0.34±0.03 0.21±0.01 0.20±0.05 
2 0.07±0.01 0.07±0.01 0.14±0.01 0.14±0.01 0.07±0.01 0.07±0.01 0.07±0.01 
3 0.14±0.03 0.14±0.01 0.14±0.01 0.14±0.01 0.14±0.01 0.21±0.04 0.14±0.01 
4 0.11±0.01 0.18±0.01 0.19±0.03 0.18±0.01 0.17±0.01 0.17±0.02 0.15±0.01 
5 0.07±0.01 0.07±0.01 0.21±0.02 0.21±0.01 0.20±0.01 0.07±0.01 0.21±0.02 
6 0.21±0.01 0.14±0.01 0.14±0.01 0.14±0.01 0.14±0.01 0.21±0.01 0.14±0.01 
7 0.14±0.02 0.14±0.01 0.15±0.01 0.18±0.01 0.14±0.01 0.14±0.01 0.13±0.02 
8 0.11±0.01 0.21±0.01 0.23±0.04 0.23±0.02 0.25±0.02 0.22±0.01 0.19±0.02 
9 0.11±0.01 0.18±0.01 0.15±0.02 0.13±0.01 0.15±0.01 0.11±0.01 0.11±0.01 
10 0.14±0.02 0.07±0.02 0.14±0.02 0.21±0.03 0.14±0.01 0.14±0.02 0.14±0.01 
11 0.07±0.01 0.21±0.01 0.14±0.01 0.14±0.01 0.14±0.03 0.14±0.01 0.14±0.01 
12 0.19±0.03 0.24±0.01 0.29±0.02 0.27±0.01 0.30±0.01 0.26±0.02 0.18±0.01 
13 0.09±0.01 0.13±0.01 0.13±0.01 0.10±0.01 0.13±0.01 0.11±0.01 0.11±0.02 
14 0.11±0.01 0.18±0.01 0.21±0.01 0.18±0.01 0.17±0.01 0.13±0.01 0.16±0.01 
15 0.11±0.01 0.11±0.01 0.14±0.01 0.16±0.06 0.15±0.01 0.11±0.01 0.11±0.03 
16 0.28±0.02 0.14±0.02 0.21±0.01 0.14±0.02 0.14±0.01 0.07±0.01 0.14±0.01 
17 0.07±0.01 0.11±0.02 0.10±0.01 0.14±0.01 0.17±0.01 0.1±0.01 0.13±0.01 
18 0.07±0.01 0.14±0.01 0.14±0.01 0.14±0.01 0.14±0.04 0.07±0.01 0.07±0.01 
19 0.09±0.01 0.13±0.02 0.18±0.02 0.13±0.01 0.15±0.01 0.14±0.01 0.11±0.02 
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Figure 58: Presentation of the means of crude proteins for SEB Digest B69P  
Statistical results 
Table 94 to Table 107 give the results of the analysis of variance done on the polynomial models 
for each response (reducing sugars, Y1, neutral sugars, Y2, polyphenolic compounds, Y3, 
solubilised alginate, Y4, antioxidant capacity, Y5, Crude protein, Y6 and dry material (%DM) Y7). 
These responses are generated from the independent variables (Temperature, X1, pH, X2, and 
Enzyme to substrate ratio (E:S ratio) ,X3). This was done only on the models generated for a 
hydrolysis time of three hours and six hours. Significant results (p<0.05) are shown in red.  
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Three hours 
Table 94: Analysis of variance for the quadratic model for the solubilisation with reducing sugars as response variable for 
three hours hydrolysis time. With R2=0.15 and R2adj= 0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.0317 1 0.0317 0.024 0.884 
X12 0.0361 1 0.0361 0.027 0.877 
X2:pH 0.0640 1 0.0640 0.048 0.837 
X22 0.5387 1 0.5387 0.408 0.558 
X3: E:S ratio %(w/w) 0.2823 1 0.2823 0.214 0.668 
X32 0.0873 1 0.0873 0.066 0.810 
X1X2 0.0468 1 0.0468 0.035 0.860 
X1X3 0.0607 1 0.0607 0.046 0.841 
X2X3 0.0244 1 0.0244 0.018 0.898 
Lack of Fit 1.1143 5 0.2229 0.169 0.961 
Pure Error 5.2847 4 1.3212 
  
Total SS 7.4872 18       
 
Table 95: Analysis of variance for the quadratic model for the solubilisation with neutral sugars as response variable for 
three hours hydrolysis time. With R2=0.36 and R2adj= 0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.2823 1 0.2823 1.517 0.285 
X12 0.5526 1 0.5526 2.970 0.160 
X2:pH 0.9250 1 0.9250 4.972 0.090 
X22 0.1927 1 0.1927 1.036 0.366 
X3: E:S ratio %(w/w) 0.4093 1 0.4093 2.200 0.212 
X32 0.3635 1 0.3635 1.953 0.235 
X1X2 0.5865 1 0.5865 3.152 0.150 
X1X3 1.3376 1 1.3376 7.189 0.055 
X2X3 0.0151 1 0.0151 0.081 0.790 
Lack of Fit 7.1554 5 1.4311 7.692 0.035 
Pure Error 0.7442 4 0.1861 
  
Total SS 12.3310 18       
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Table 96: Analysis of variance for the quadratic model for the solubilisation with solubilised alginate as response variable 
for three hours hydrolysis time. With R2=0.80 and R2adj=0.60 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.00001 1 0.00001 0.0001 0.994 
X12 0.58268 1 0.58268 3.7092 0.126 
X2:pH 6.41761 1 6.41761 40.8528 0.003 
X22 0.30334 1 0.30334 1.9310 0.237 
X3: E:S ratio %(w/w) 0.00100 1 0.00100 0.0064 0.940 
X32 0.00317 1 0.00317 0.0202 0.894 
X1X2 0.02303 1 0.02303 0.1466 0.721 
X1X3 0.19056 1 0.19056 1.2130 0.333 
X2X3 0.37053 1 0.37053 2.3587 0.199 
Lack of Fit 1.40644 5 0.28129 1.7906 0.296 
Pure Error 0.62836 4 0.15709 
  
Total SS 10.07654 18       
 
Table 97: Analysis of variance for the quadratic model for the solubilisation with polyphenolic compounds as response 
variable for three hours hydrolysis time. With R2=0.62 and R2adj=0.25 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.0033 1 0.0033 4.0601 0.114 
X12 0.0001 1 0.0001 0.1294 0.737 
X2:pH 0.0064 1 0.0064 7.9277 0.048 
X22 0.0049 1 0.0049 6.1074 0.069 
X3: E:S ratio %(w/w) 0.0022 1 0.0022 2.7259 0.174 
X32 0.0001 1 0.0001 0.1236 0.743 
X1X2 0.0000 1 0.0000 0.0100 0.925 
X1X3 0.0012 1 0.0012 1.4332 0.297 
X2X3 0.0002 1 0.0002 0.2587 0.638 
Lack of Fit 0.0081 5 0.0016 2.0164 0.258 
Pure Error 0.0032 4 0.0008 
  
Total SS 0.0302 18       
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Table 98: Analysis of variance for the quadratic model for the solubilisation with antioxidants as response variable for 
three hours hydrolysis time. With R2=0.96 and R2adj=0.26 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 2.41E-06 1 2.41E-06 0.030 0.8705 
X12 3.22E-07 1 3.22E-07 0.004 0.9524 
X2:pH 0.009 1 0.009 110.97 0.0005 
X22 1.27E-04 1 1.27E-04 1.595 0.2752 
X3: E:S ratio %(w/w) 2.60E-06 1 2.60E-06 0.033 0.8655 
X32 2.92E-06 1 2.92E-06 0.037 0.8578 
X1X2 2.20E-05 1 2.20E-05 0.276 0.6273 
X1X3 7.90E-05 1 7.90E-05 0.990 0.3761 
X2X3 8.78E-06 1 8.78E-06 0.110 0.7568 
Lack of Fit 4.44E-05 5 8.88E-06 0.111 0.9834 
Pure Error 3.19E-04 4 7.99E-05 
  
Total SS 0.010 18       
 
Table 99: Analysis of variance for the quadratic model for the solubilisation with dry material as response variable for 
three hours hydrolysis time. With R2=0.43 and R2adj=0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.721 1 0.721 3.856 0.121 
X12 0.102 1 0.102 0.545 0.501 
X2:pH 0.171 1 0.171 0.915 0.393 
X22 0.034 1 0.034 0.184 0.690 
X3: E:S ratio %(w/w) 0.001 1 0.001 0.008 0.935 
X32 0.058 1 0.058 0.311 0.607 
X1X2 0.099 1 0.099 0.530 0.507 
X1X3 0.146 1 0.146 0.780 0.427 
X2X3 0.082 1 0.082 0.439 0.544 
Lack of Fit 1.106 5 0.221 1.183 0.448 
Pure Error 0.748 4 0.187 
  
Total SS 3.228 18       
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Table 100: Analysis of variance for the quadratic model for the solubilisation with crude protein as response variable for 
three hours hydrolysis time. With R2=0.63 and R2adj=0.26 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.0007 1 0.0007 4.501 0.101 
X12 0.0024 1 0.0024 15.979 0.016 
X2:pH 0.0012 1 0.0012 7.828 0.049 
X22 0.0103 1 0.0103 67.740 0.001 
X3: E:S ratio %(w/w) 0.0001 1 0.0001 0.637 0.470 
X32 0.0002 1 0.0002 1.578 0.277 
X1X2 0.0065 1 0.0065 42.789 0.003 
X1X3 0.0027 1 0.0027 17.453 0.014 
X2X3 0.0158 1 0.0158 104.076 0.001 
Lack of Fit 0.0220 5 0.0044 28.907 0.003 
Pure Error 0.0006 4 0.0002 
  
Total SS 0.0610 18       
Six hours 
Table 101: Analysis of variance for the quadratic model for the solubilisation with reducing sugars as response variable 
for six hours hydrolysis time. With R2=0.23 and R2adj=0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.224 1 0.224 0.073 0.800 
X12 0.559 1 0.559 0.182 0.691 
X2:pH 0.545 1 0.545 0.178 0.695 
X22 0.602 1 0.602 0.196 0.681 
X3: E:S ratio %(w/w) 0.012 1 0.012 0.004 0.953 
X32 0.076 1 0.076 0.025 0.882 
X1X2 0.379 1 0.379 0.124 0.743 
X1X3 2.584 1 2.584 0.842 0.411 
X2X3 0.004 1 0.004 0.001 0.973 
Lack of Fit 4.028 5 0.806 0.262 0.913 
Pure Error 12.281 4 3.070 
  
Total SS 21.077 18       
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Table 102: Analysis of variance for the quadratic model for the solubilisation with neutral sugars as response variable for 
six hours hydrolysis time. With R2=0.47 and R2adj=0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.164 1 0.164 1.546 0.282 
X12 0.392 1 0.392 3.688 0.127 
X2:pH 1.122 1 1.122 10.550 0.031 
X22 0.244 1 0.244 2.291 0.205 
X3: E:S ratio %(w/w) 0.048 1 0.048 0.451 0.539 
X32 0.016 1 0.016 0.150 0.718 
X1X2 0.357 1 0.357 3.354 0.141 
X1X3 0.059 1 0.059 0.552 0.499 
X2X3 0.022 1 0.022 0.211 0.670 
Lack of Fit 2.443 5 0.489 4.593 0.082 
Pure Error 0.425 4 0.106 
  
Total SS 5.396 18       
 
Table 103: Analysis of variance for the quadratic model for the solubilisation with solubilised alginate as response 
variable for six hours hydrolysis time. With R2=0.77 and R2adj=0.55 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.093 1 0.093 0.732 0.441 
X12 0.060 1 0.060 0.470 0.531 
X2:pH 4.221 1 4.221 33.197 0.005 
X22 0.164 1 0.164 1.289 0.320 
X3: E:S ratio %(w/w) 0.019 1 0.019 0.147 0.721 
X32 0.018 1 0.018 0.141 0.727 
X1X2 0.125 1 0.125 0.984 0.377 
X1X3 0.033 1 0.033 0.256 0.639 
X2X3 0.520 1 0.520 4.092 0.113 
Lack of Fit 1.038 5 0.208 1.633 0.328 
Pure Error 0.509 4 0.127 
  
Total SS 6.829 18       
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Table 104: Analysis of variance for the quadratic model for the with polyphenolic compounds as response variable for six 
hours hydrolysis time. With R2=0.75 and R2adj=0.50 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.0022 1 0.0022 12.358 0.025 
X12 0.0009 1 0.0009 5.184 0.085 
X2:pH 0.0063 1 0.0063 34.860 0.004 
X22 0.0085 1 0.0085 46.825 0.002 
X3: E:S ratio %(w/w) 0.0014 1 0.0014 7.746 0.050 
X32 0.0002 1 0.0002 1.135 0.347 
X1X2 0.0016 1 0.0016 9.042 0.040 
X1X3 0.0005 1 0.0005 2.596 0.182 
X2X3 0.0001 1 0.0001 0.695 0.451 
Lack of Fit 0.0069 5 0.0014 7.669 0.035 
Pure Error 0.0007 4 0.0002 
  
Total SS 0.0308 18       
 
Table 105: Analysis of variance for the quadratic model for the solubilisation pounds with antioxidants as response 
variable for six hours hydrolysis time. With R2=0.97 and R2adj=0.93 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 5.18E-05 1 5.18E-05 0.607 0.480 
X12 1.08E-05 1 1.08E-05 0.126 0.740 
X2:pH 1.13E-02 1 1.13E-02 131.861 0.001 
X22 1.73E-04 1 1.73E-04 2.022 0.228 
X3: E:S ratio %(w/w) 9.97E-07 1 9.97E-07 0.012 0.919 
X32 5.63E-06 1 5.63E-06 0.066 0.810 
X1X2 1.71E-05 1 1.71E-05 0.200 0.678 
X1X3 1.51E-05 1 1.51E-05 0.177 0.695 
X2X3 1.92E-05 1 1.92E-05 0.225 0.660 
Lack of Fit 7.54E-05 5 1.51E-05 0.177 0.958 
Pure Error 3.42E-04 4 8.54E-05 
  
Total SS 1.20E-02 18       
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Table 106: Analysis of variance for the quadratic model for the solubilisation with dry material as response variable for 
six hours hydrolysis time. With R2=0.50 and R2adj=0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.098 1 0.098 0.264 0.634 
X12 0.398 1 0.398 1.068 0.360 
X2:pH 0.291 1 0.291 0.780 0.427 
X22 0.362 1 0.362 0.971 0.380 
X3: E:S ratio %(w/w) 0.015 1 0.015 0.041 0.849 
X32 0.288 1 0.288 0.772 0.429 
X1X2 0.426 1 0.426 1.141 0.346 
X1X3 0.009 1 0.009 0.025 0.881 
X2X3 0.421 1 0.421 1.129 0.348 
Lack of Fit 0.584 5 0.117 0.313 0.883 
Pure Error 1.491 4 0.373 
  
Total SS 4.148 18       
 
Table 107: Analysis of variance for the quadratic model for the solubilisation with dry material as response variable for 
six hours hydrolysis time. With R2=0.76 and R2adj=0.53 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.0016 1 0.0016 2.510 0.188 
X12 0.0007 1 0.0007 1.177 0.339 
X2:pH 0.0002 1 0.0002 0.394 0.564 
X22 0.0051 1 0.0051 8.139 0.046 
X3: E:S ratio %(w/w) 0.0002 1 0.0002 0.268 0.632 
X32 0.0014 1 0.0014 2.279 0.206 
X1X2 0.0003 1 0.0003 0.457 0.536 
X1X3 0.0017 1 0.0017 2.704 0.175 
X2X3 0.0092 1 0.0092 14.696 0.019 
Lack of Fit 0.0034 5 0.0007 1.092 0.480 
Pure Error 0.0025 4 0.0006 
  
Total SS 0.0252 18       
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Accellerase® 1500 
In the same way as the protease Table 108 to Table 113 show the raw data results for the 
responses used to investigate the optimisation of Accellerase® 1500. Where Figure 59 to Figure 
64 are added to give a visual presentation of the data, the errors are excluded. The reasons again 
for this is to show the trends in the data over the six hour period of hydrolysis. 
Table 108: Raw data results for Accellerase® 1500 reducing sugars where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 4.44±0.02 4.08±0.02 4.52±0.06 3.74±0.03 5.40±0.23 4.34±0.15 3.87±0.07 
2 3.06±0.18 3.55±0.05 3.89±0.32 6.36±0.22 5.79±0.01 7.53±0.09 6.16±0.13 
3 3.24±0.07 4.22±0.06 3.92±0.11 3.63±0.19 4.02±0.04 3.56±0.10 4.61±0.03 
4 4.84±0.01 4.44±0.02 5.20±0.08 5.81±0.10 5.17±0.07 5.41±0.07 4.69±0.01 
5 4.58±0.08 5.12±0.10 4.03±0.06 4.78±0.08 5.17±0.12 4.94±0.04 4.20±0.02 
6 4.24±0.05 4.77±0.01 4.57±0.13 3.71±0.07 4.56±0.09 3.3±0.01 4.22±0.10 
7 4.79±0.01 5.63±0.29 5.43±0.38 4.51±0.08 5.34±0.25 4.42±0.04 4.82±0.07 
8 3.80±0.04 5.32±0.11 5.06±0.12 4.91±0.05 5.43±0.14 4.77±0.02 4.54±0.17 
9 3.00±0.01 4.26±0.12 5.41±0.03 6.13±0.17 5.79±0.01 5.85±0.06 5.51±0.05 
10 3.41±0.06 4.46±0.15 1.96±0.10 4.54±0.03 4.53±0.06 4.2±0.05 3.68±0.04 
11 3.32±0.21 3.95±0.08 3.66±0.07 3.73±0.07 3.36±0.03 4.09±0.08 4.41±0.09 
12 5.17±0.10 4.37±0.05 3.78±0.03 4.43±0.07 4.85±0.20 4.78±0.03 3.56±0.08 
13 4.60±0.03 4.52±0.18 6.22±0.07 5.42±0.04 5.15±0.06 4.87±0.17 5.27±0.11 
14 3.39±0.07 4.70±0.05 4.21±0.05 6.59±0.02 6.35±0.06 6.15±0.08 7.07±0.07 
15 3.81±0.05 3.61±0.02 4.94±0.02 4.46±0.07 5.06±0.02 4.96±0.06 4.37±0.03 
16 4.18±0.08 4.15±0.05 5.34±0.05 4.77±0.07 4.67±0.09 4.77±0.04 5.54±0.06 
17 3.19±0.07 3.77±0.02 4.03±0.07 4.59±0.06 4.52±0.07 5.33±0.06 3.44±0.01 
18 3.86±0.05 3.14±0.07 4.57±0.04 4.65±0.04 6.54±0.11 4.63±0.10 4.48±0.03 
19 5.14±0.07 4.90±0.01 5.94±0.10 5.55±0.12 7.02±0.16 7.5±0.10 6.50±0.06 
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Figure 59: Presentation of the means of reducing sugars for Accellerase® 1500  
Table 109: Raw data results for Accellerase® 1500 neutral sugars where the results are presented as mean ± standard 
deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 3.28±0.02 3.7±0.06 3.17±0.16 3.73±0.03 5.78±0.06 3.89±0.07 3.22±0.01 
2 3.16±0.08 3.76±0.04 3.66±0.07 5.52±0.27 4.46±0.02 4.94±0.09 4.67±0.07 
3 4.66±0.07 4.99±0.16 4.86±0.09 4.63±0.26 4.32±0.04 4.43±0.03 4.25±0.08 
4 2.53±0.43 3.01±0.19 3.31±0.39 3.53±0.26 3.04±0.19 3.20±0.27 2.93±0.12 
5 3.35±0.01 3.66±0.07 3.23±0.15 3.04±0.02 3.41±0.03 3.90±0.31 3.10±0.15 
6 3.59±0.02 3.86±0.14 4.00±0.09 2.70±0.17 2.98±0.04 3.73±0.04 3.18±0.08 
7 3.04±0.16 3.96±0.11 3.36±0.03 3.88±0.04 3.67±0.15 3.20±0.09 3.43±0.23 
8 3.20±0.23 3.2±0.46 3.57±0.13 3.69±0.13 3.59±0.18 2.98±0.64 2.98±0.12 
9 3.81±0.04 3.97±0.09 4.55±0.06 4.46±0.09 4.11±0.11 4.97±0.02 4.39±0.16 
10 3.76±0.16 3.65±0.04 4.18±0.12 3.49±0.06 3.55±0.04 3.87±0.07 3.33±0.09 
11 3.49±0.06 4.09±0.02 3.96±0.03 4.31±0.05 4.49±0.02 4.46±0.10 4.48±0.02 
12 3.48±0.15 3.06±0.18 4.33±0.02 4.23±0.10 3.66±0.2 3.10±0.08 3.09±0.15 
13 3.08±0.11 3.18±0.02 3.64±0.07 4.01±0.24 3.51±0.16 3.31±0.07 3.14±0.35 
14 4.30±0.05 5.37±0.08 5.74±0.51 6.59±0.04 6.44±0.15 5.89±0.13 6.70±0.18 
15 3.71±0.29 4.28±0.02 4.46±0.03 4.6±0.02 5.47±0.11 5.14±0.11 5.67±0.09 
16 4.78±0.08 5.57±0.08 5.00±0.16 5.45±0.10 5.05±0.02 5.10±0.24 5.77±0.05 
17 3.95±0.06 4.38±0.07 5.35±0.04 4.82±0.07 4.70±0.05 5.89±0.02 4.54±0.05 
18 4.36±0.18 4.84±0.07 5.22±0.09 5.03±0.15 5.08±0.13 5.24±0.03 4.99±0.02 
19 3.86±0.08 3.77±0.07 5.69±0.18 4.18±0.20 5.07±0.22 6.30±0.13 4.96±0.36 
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Figure 60: Presentation of the means of neutral sugars for Accellerase® 1500  
Table 110: Raw data results for Accellerase® 1500 solubilised alginate where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.36±0.05 0.63±0.04 0.12±0.07 0.56±0.04 0.45±0.08 0.55±0.01 0.42±0.08 
2 0.89±0.07 0.94±0.17 0.7±0.06 0.58±0.06 0.50±0.03 0.68±0.07 0.36±0.02 
3 0.58±0.06 0.82±0.07 0.77±0.03 0.80±0.07 0.75±0.08 0.75±0.05 1.05±0.01 
4 0.80±0.10 1.11±0.13 1.02±0.1 0.92±0.13 0.80±0.03 0.97±0.09 0.90±0.09 
5 0.05±0.01 0.12±0.02 0.09±0 0.03±0.01 0.06±0.01 0.19±0.03 0.12±0.05 
6 0.63±0.08 0.71±0.10 0.64±0.04 0.65±0.06 0.50±0.06 0.69±0.05 0.41±0.01 
7 2.33±0.22 2.27±0.07 1.97±0.07 2.15±0.13 1.80±0.08 1.61±0.06 2.04±0.04 
8 0.83±0.11 1.01±0.07 1.00±0.10 1.00±0.11 0.77±0.09 1.06±0.04 1.24±0.07 
9 0.63±0.03 0.69±0.05 0.69±0.06 0.62±0.04 0.44±0.01 0.45±0.01 0.35±0.01 
10 0.93±0.06 1.14±0.03 0.67±0.04 1.00±0.05 0.93±0.04 1.11±0.08 1.32±0.08 
11 0.19±0.02 0.23±0.03 0.19±0.01 0.19±0.01 0.18±0.01 0.15±0.01 0.20±0.02 
12 1.18±0.02 1.35±0.08 1.40±0.06 1.52±0.18 1.45±0.01 1.34±0.06 1.20±0.05 
13 0.58±0.08 0.49±0.06 0.49±0.09 0.46±0.03 0.29±0.05 0.39±0.06 0.32±0.12 
14 0.96±0.01 0.99±0.02 1.36±0.05 1.34±0.08 1.23±0.02 1.18±0.06 1.08±0.01 
15 1.16±0.05 1.57±0.15 1.45±0.04 0.96±0.08 1.06±0.05 0.95±0.04 0.89±0.06 
16 0.93±0.01 1.33±0.11 1.24±0.02 1.03±0.09 1.08±0.01 1.23±0.04 1.23±0.05 
17 1.17±0.14 1.22±0.04 1.03±0.06 1.25±0.12 1.23±0.01 0.98±0.01 1.01±0.01 
18 1.33±0.04 1.55±0.04 1.08±0.04 1.56±0.08 1.36±0.10 1.11±0.14 1.27±0.04 
19 1.84±0.13 1.58±0.05 1.55±0.02 1.35±0.03 1.44±0.08 1.39±0.10 1.25±0.09 
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Figure 61: Presentation of the means of solubilised alginate for Accellerase®  
Table 111: Raw data results for Accellerase® 1500 polyphenolic compounds where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.28±0.01 0.28±0.01 0.29±0.01 0.28±0.01 0.28±0.01 0.28±0.01 0.27±0.01 
2 0.28±0.01 0.26±0.01 0.25±0.01 0.30±0.01 0.30±0.01 0.33±0.01 0.31±0.01 
3 0.34±0.01 0.33±0.01 0.35±0.01 0.35±0.01 0.36±0.01 0.37±0.01 0.38±0.01 
4 0.29±0.01 0.30±0.01 0.33±0.01 0.33±0.01 0.29±0.01 0.32±0.01 0.33±0.01 
5 0.27±0.01 0.27±0.01 0.25±0.01 0.25±0.01 0.26±0.01 0.26±0.01 0.24±0.01 
6 0.29±0.02 0.29±0.01 0.27±0.01 0.25±0.01 0.28±0.01 0.27±0.01 0.26±0.01 
7 0.34±0.01 0.34±0.01 0.32±0.01 0.29±0.01 0.35±0.01 0.31±0.01 0.33±0.01 
8 0.35±0.01 0.33±0.01 0.33±0.01 0.32±0.01 0.34±0.01 0.36±0.01 0.35±0.01 
9 0.28±0.01 0.30±0.01 0.32±0.02 0.33±0.01 0.30±0.01 0.30±0.01 0.28±0.01 
10 0.30±0.03 0.31±0.01 0.32±0.01 0.31±0.01 0.31±0.01 0.31±0.01 0.32±0.01 
11 0.33±0.01 0.32±0.01 0.29±0.01 0.33±0.01 0.28±0.02 0.26±0.01 0.34±0.01 
12 0.28±0.01 0.32±0.01 0.30±0.01 0.31±0.01 0.30±0.03 0.28±0.01 0.29±0.02 
13 0.30±0.01 0.33±0.01 0.32±0.01 0.32±0.01 0.32±0.01 0.33±0.01 0.31±0.01 
14 0.34±0.01 0.25±0.01 0.35±0.01 0.39±0.01 0.28±0.01 0.30±0.01 0.31±0.03 
15 0.28±0.01 0.32±0.01 0.32±0.01 0.32±0.02 0.32±0.01 0.32±0.01 0.33±0.02 
16 0.34±0.01 0.38±0.01 0.37±0.01 0.36±0.01 0.37±0.01 0.30±0.01 0.46±0.01 
17 0.29±0.01 0.28±0.01 0.38±0.02 0.39±0.01 0.38±0.01 0.42±0.02 0.36±0.01 
18 0.31±0.02 0.30±0.01 0.30±0.01 0.30±0.01 0.32±0.02 0.29±0.01 0.32±0.01 
19 0.31±0.01 0.31±0.01 0.33±0.01 0.31±0.01 0.36±0.01 0.34±0.01 0.31±0.01 
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Figure 62: Presentation of the means of polyphenolic compounds for Accellerase® 1500  
Table 112: Raw data results for Accellerase® 1500 antioxidant capacity where the results are presented as mean ± 
standard deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 0.22±0.01 0.22±0.02 0.22±0.01 0.22±0.01 0.22±0.01 0.22±0.01 0.22±0.01 
2 0.23±0.02 0.23±0.03 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 
3 0.18±0.01 0.18±0.01 0.18±0.01 0.18±0.01 0.17±0.01 0.17±0.01 0.16±0.01 
4 0.19±0.01 0.19±0.01 0.19±0.01 0.19±0.01 0.19±0.01 0.19±0.01 0.18±0.01 
5 0.22±0.01 0.22±0.01 0.22±0.02 0.22±0.01 0.22±0.01 0.22±0.01 0.22±0.01 
6 0.22±0.01 0.22±0.01 0.22±0.03 0.22±0.01 0.22±0.01 0.22±0.01 0.22±0.02 
7 0.17±0.01 0.17±0.01 0.17±0.01 0.17±0.01 0.17±0.01 0.17±0.01 0.17±0.02 
8 0.19±0.01 0.18±0.01 0.18±0.01 0.18±0.02 0.18±0.01 0.18±0.01 0.18±0.02 
9 0.21±0.01 0.21±0.01 0.22±0.01 0.22±0.03 0.22±0.01 0.22±0.01 0.22±0.01 
10 0.22±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 
11 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 0.23±0.01 
12 0.16±0.01 0.15±0.01 0.15±0.01 0.14±0.01 0.14±0.01 0.14±0.01 0.15±0.01 
13 0.22±0.02 0.22±0.01 0.22±0.01 0.22±0.03 0.22±0.01 0.22±0.01 0.22±0.02 
14 0.21±0.03 0.20±0.01 0.21±0.02 0.21±0.02 0.21±0.01 0.20±0.01 0.20±0.01 
15 0.21±0.02 0.21±0.01 0.21±0.02 0.20±0.02 0.20±0.02 0.20±0.02 0.20±0.01 
16 0.21±0.01 0.21±0.01 0.20±0.01 0.20±0.02 0.20±0.02 0.20±0.02 0.20±0.02 
17 0.20±0.01 0.20±0.01 0.20±0.01 0.20±0.01 0.20±0.03 0.20±0.01 0.20±0.01 
18 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 0.21±0.01 
19 0.20±0.01 0.20±0.01 0.20±0.03 0.20±0.01 0.20±0.01 0.20±0.01 0.20±0.02 
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Figure 63: Presentation of the means of antioxidant capacity for Accellerase® 1500  
Table 113: Raw data results for Accellerase® 1500 dry material where the results are presented as mean ± standard 
deviation 
  Time (h) 
Run 0 1 2 3 4 5 6 
1 4.26±0.07 3.63±0.33 4.02±0.18 4.14±0.06 4.34±0.06 4.24±0.16 3.78±0.06 
2 4.04±0.11 3.67±0.13 3.54±0.01 4.39±0.05 4.46±0.04 4.79±0.09 4.29±0.18 
3 4.32±0.06 4.22±0.08 4.39±0.01 4.04±0.04 4.71±0.01 4.79±0.06 4.70±0.01 
4 4.21±0.12 4.65±0.08 4.55±0.33 5.02±0.04 4.47±0.08 4.49±0.05 4.21±0.04 
5 3.95±0.06 4.24±0.10 4.35±0.08 4.34±0.19 4.19±0.13 4.18±0.11 4.02±0.15 
6 3.92±0.09 4.14±0.05 4.27±0.13 4.74±0.03 4.26±0.23 4.28±0.19 3.48±0.04 
7 4.55±0.21 4.94±0.04 4.79±0.12 4.46±0.16 4.55±0.04 4.22±0.13 4.10±0.03 
8 4.38±0.02 4.58±0.21 5.27±0.35 4.99±0.38 4.85±0.34 4.63±0.11 4.90±0.14 
9 4.26±0.01 3.97±0.09 4.42±0.11 4.49±0.16 4.76±0.10 4.41±0.06 3.34±0.10 
10 4.24±0.14 4.31±0.11 5.06±0.03 4.67±0.07 4.5±0.16 4.37±0.37 3.75±0.05 
11 4.42±0.11 4.37±0.40 4.28±0.15 4.18±0.18 4.57±0.19 4.26±0.19 4.66±0.10 
12 4.17±0.06 4.37±0.23 4.07±0.16 4.56±0.08 4.34±0.08 4.46±0.04 3.77±0.17 
13 4.40±0.02 4.42±0.01 4.94±0.16 4.74±0.02 4.43±0.01 4.61±0.28 4.72±0.01 
14 4.24±0.11 4.22±0.13 4.30±0.09 4.52±0.02 4.40±0.07 4.57±0.07 5.14±0.06 
15 4.16±0.19 4.51±0.02 4.57±0.13 4.44±0.04 4.49±0.05 4.68±0.05 3.83±0.05 
16 4.92±0.05 4.55±0.10 4.29±0.15 4.20±0.10 4.23±0.13 4.29±0.06 4.99±0.05 
17 3.74±0.16 4.40±0.08 4.55±0.13 4.41±0.10 3.82±0.03 4.73±0.09 3.91±0.10 
18 4.52±0.04 4.70±0.03 4.41±0.38 4.65±0.04 4.72±0.04 4.48±0.10 4.56±0.16 
19 4.68±0.11 4.74±0.04 4.76±0.04 4.51±0.07 5.18±0.21 4.97±0.18 4.44±0.04 
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Figure 64: Presentation of the means of dry material for Accellerase® 1500  
Statistical results 
Table 114 to Table 125 give the results of the analysis of variance done on the polynomial models 
for each response (reducing sugars, Y1, neutral sugars, Y2, polyphenolic compounds, Y3, 
solubilised alginate, Y4, antioxidant capacity Y5 and dry material (%DM) Y6). These responses are 
generated from the independent variables (Temperature, X1, pH, X2, and Enzyme to substrate ratio 
(E:S ratio) ,X3). This was done only on the models generated for a hydrolysis time of three hours 
and six hours. Significant results (p<0.05) are shown in red.  
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Three hours 
Table 114: Analysis of variance for the quadratic model for the solubilisation with reducing sugars as response variable 
for three hours hydrolysis time. With R2=0.84 and R2adj= 0.68 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 1.359 1 1.359 7.277 0.054 
X12 0.100 1 0.100 0.533 0.506 
X2:pH 0.154 1 0.154 0.822 0.416 
X22 1.742 1 1.742 9.326 0.038 
X3: E:S ratio %(w/w) 2.730 1 2.730 14.615 0.019 
X32 1.422 1 1.422 7.614 0.051 
X1X2 0.322 1 0.322 1.724 0.259 
X1X3 3.736 1 3.736 20.000 0.011 
X2X3 0.132 1 0.132 0.708 0.448 
Lack of Fit 1.630 5 0.326 1.745 0.305 
Pure Error 0.747 4 0.187 
  
Total SS 14.633 18       
Table 115: Analysis of variance for the quadratic model for the solubilisation with neutral sugars as response variable for 
three hours hydrolysis time. With R2=0.64 and R2adj= 0.29 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 2.407 1 2.407 10.626 0.031 
X12 2.614 1 2.614 11.540 0.027 
X2:pH 0.025 1 0.025 0.112 0.754 
X22 1.513 1 1.513 6.681 0.061 
X3: E:S ratio %(w/w) 1.480 1 1.480 6.535 0.063 
X32 0.011 1 0.011 0.050 0.834 
X1X2 1.069 1 1.069 4.721 0.096 
X1X3 0.188 1 0.188 0.828 0.414 
X2X3 0.923 1 0.923 4.074 0.114 
Lack of Fit 4.605 5 0.921 4.066 0.099 
Pure Error 0.906 4 0.227 
  
Total SS 15.456 18       
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Table 116: Analysis of variance for the quadratic model for the solubilisation with solubilised alginate as response 
variable for three hours hydrolysis time. With R2=0.79 and R2adj= 0.58 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.193 1 0.193 3.229 0.147 
X12 0.299 1 0.299 5.006 0.089 
X2:pH 2.036 1 2.036 34.118 0.004 
X22 0.238 1 0.238 3.986 0.117 
X3: E:S ratio %(w/w) 0.086 1 0.086 1.437 0.297 
X32 0.182 1 0.182 3.041 0.156 
X1X2 0.442 1 0.442 7.414 0.053 
X1X3 0.057 1 0.057 0.947 0.386 
X2X3 0.349 1 0.349 5.855 0.073 
Lack of Fit 0.753 5 0.151 2.524 0.195 
Pure Error 0.239 4 0.060 
  
Total SS 4.713 18       
 
Table 117: Analysis of variance for the quadratic model for the solubilisation with polyphenolic compounds as response 
variable for three hours hydrolysis time. With R2=0.46 and R2adj= 0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 2.60E-04 1 2.60E-04 0.094 0.774 
X12 7.86E-04 1 7.86E-04 0.284 0.622 
X2:pH 6.36E-03 1 6.36E-03 2.299 0.204 
X22 5.29E-03 1 5.29E-03 1.912 0.239 
X3: E:S ratio %(w/w) 3.42E-05 1 3.42E-05 0.012 0.917 
X32 6.72E-05 1 6.72E-05 0.024 0.884 
X1X2 6.67E-05 1 6.67E-05 0.024 0.884 
X1X3 1.10E-03 1 1.10E-03 0.397 0.563 
X2X3 2.20E-04 1 2.20E-04 0.079 0.792 
Lack of Fit 5.25E-03 5 1.05E-03 0.380 0.842 
Pure Error 1.11E-02 4 2.77E-03 
  
Total SS 3.00E-02 18       
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Table 118: Analysis of variance for the quadratic model for the solubilisation with antioxidants as response variable for 
three hours hydrolysis time. With R2=0.97 and R2adj= 0.93 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 1.07E-04 1 1.07E-04 11.917 0.026 
X12 1.70E-04 1 1.70E-04 18.878 0.012 
X2:pH 7.87E-03 1 7.87E-03 873.397 0.000 
X22 7.92E-04 1 7.92E-04 87.958 0.001 
X3: E:S ratio %(w/w) 2.45E-05 1 2.45E-05 2.723 0.174 
X32 1.01E-04 1 1.01E-04 11.253 0.028 
X1X2 3.95E-05 1 3.95E-05 4.382 0.104 
X1X3 3.04E-05 1 3.04E-05 3.379 0.140 
X2X3 2.56E-05 1 2.56E-05 2.839 0.167 
Lack of Fit 2.98E-04 5 5.96E-05 6.617 0.046 
Pure Error 3.60E-05 4 9.01E-06 
  
Total SS 9.67E-03 18       
 
Table 119: Analysis of variance for the quadratic model for the solubilisation with dry material as response variable for 
three hours hydrolysis time. With R2=0.57 and R2adj= 0.15 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.112 1 0.112 4.173 0.111 
X12 0.029 1 0.029 1.065 0.360 
X2:pH 0.177 1 0.177 6.579 0.062 
X22 0.011 1 0.011 0.411 0.556 
X3: E:S ratio %(w/w) 0.233 1 0.233 8.680 0.042 
X32 0.052 1 0.052 1.933 0.237 
X1X2 0.003 1 0.003 0.127 0.740 
X1X3 0.010 1 0.010 0.378 0.572 
X2X3 0.091 1 0.091 3.399 0.139 
Lack of Fit 0.431 5 0.086 3.209 0.141 
Pure Error 0.108 4 0.027 
  
Total SS 1.262 18       
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Six hours: 
Table 120: Analysis of variance for the quadratic model for the solubilisation with reducing sugars as response variable 
for six hours hydrolysis time. With R2=0.60 and R2adj=0.20 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 1.568 1 1.568 1.129 0.348 
X12 0.337 1 0.337 0.243 0.648 
X2:pH 0.109 1 0.109 0.078 0.794 
X22 1.879 1 1.879 1.353 0.309 
X3: E:S ratio %(w/w) 1.933 1 1.933 1.392 0.303 
X32 2.177 1 2.177 1.568 0.279 
X1X2 0.353 1 0.353 0.254 0.641 
X1X3 0.867 1 0.867 0.625 0.474 
X2X3 0.791 1 0.791 0.570 0.492 
Lack of Fit 1.608 5 0.322 0.232 0.930 
Pure Error 5.553 4 1.388 
  
Total SS 17.899 18       
 
Table 121: Analysis of variance for the quadratic model for the solubilisation with neutral sugars as response variable for 
six hours hydrolysis time. With R2=0.67 and R2adj=0.27 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 1.274 1 1.274 4.669 0.097 
X12 5.056 1 5.056 18.531 0.013 
X2:pH 0.627 1 0.627 2.296 0.204 
X22 5.529 1 5.529 20.264 0.011 
X3: E:S ratio %(w/w) 2.435 1 2.435 8.924 0.040 
X32 0.751 1 0.751 2.753 0.172 
X1X2 0.088 1 0.088 0.321 0.601 
X1X3 0.029 1 0.029 0.105 0.762 
X2X3 1.366 1 1.366 5.008 0.089 
Lack of Fit 6.334 5 1.267 4.643 0.081 
Pure Error 1.091 4 0.273 
  
Total SS 22.554 18       
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Table 122: Analysis of variance for the quadratic model for the solubilisation with solubilised alginate as response 
variable for six hours hydrolysis time. With R2=0.82 and R2adj=0.65 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.540 1 0.540 21.748 0.010 
X12 0.061 1 0.061 2.473 0.191 
X2:pH 2.295 1 2.295 92.408 0.001 
X22 0.179 1 0.179 7.195 0.055 
X3: E:S ratio %(w/w) 0.024 1 0.024 0.952 0.384 
X32 0.175 1 0.175 7.058 0.057 
X1X2 0.314 1 0.314 12.640 0.024 
X1X3 0.011 1 0.011 0.434 0.546 
X2X3 0.171 1 0.171 6.902 0.058 
Lack of Fit 0.688 5 0.138 5.543 0.061 
Pure Error 0.099 4 0.025 
  
Total SS 4.472 18       
 
Table 123: Analysis of variance for the quadratic model for the solubilisation with polyphenolic compounds as response 
variable for six hours hydrolysis time. With R2=0.34 and R2adj=0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 1.77E-04 1 1.77E-04 0.046 0.840 
X12 4.62E-03 1 4.62E-03 1.212 0.333 
X2:pH 4.09E-03 1 4.09E-03 1.074 0.359 
X22 2.37E-03 1 2.37E-03 0.622 0.474 
X3: E:S ratio %(w/w) 6.01E-05 1 6.01E-05 0.016 0.906 
X32 3.89E-03 1 3.89E-03 1.021 0.369 
X1X2 3.52E-04 1 3.52E-04 0.092 0.776 
X1X3 1.85E-04 1 1.85E-04 0.049 0.836 
X2X3 1.25E-03 1 1.25E-03 0.329 0.597 
Lack of Fit 1.32E-02 5 2.65E-03 0.694 0.656 
Pure Error 1.53E-02 4 3.81E-03 
  
Total SS 4.31E-02 18       
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Table 124: Analysis of variance for the quadratic model for the solubilisation with antioxidants as response variable for 
six hours hydrolysis time. With R2=0.94 and R2adj=0.87 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 7.33E-05 1 7.33E-05 3.303 0.143 
X12 9.25E-05 1 9.25E-05 4.167 0.111 
X2:pH 7.97E-03 1 7.97E-03 359.096 4.57E-05 
X22 5.86E-04 1 5.86E-04 26.393 0.007 
X3: E:S ratio %(w/w) 2.99E-05 1 2.99E-05 1.345 0.311 
X32 6.96E-05 1 6.96E-05 3.137 0.151 
X1X2 1.53E-05 1 1.53E-05 0.688 0.454 
X1X3 3.85E-05 1 3.85E-05 1.735 0.258 
X2X3 2.33E-05 1 2.33E-05 1.049 0.364 
Lack of Fit 5.19E-04 5 1.04E-04 4.673 0.080 
Pure Error 8.88E-05 4 2.22E-05 
  
Total SS 9.63E-03 18       
 
Table 125: Analysis of variance for the quadratic model for the solubilisation with dry material as response variable for 
six hours hydrolysis time. With R2=0.44 and R2adj=0 
Factor SS df MS F-value p-value 
X1:Temperature (°C) 0.003 1 0.003 0.013 0.913 
X12 1.159 1 1.159 5.019 0.089 
X2:pH 0.051 1 0.051 0.223 0.661 
X22 0.039 1 0.039 0.170 0.701 
X3: E:S ratio %(w/w) 0.072 1 0.072 0.312 0.606 
X32 0.542 1 0.542 2.346 0.200 
X1X2 0.057 1 0.057 0.247 0.645 
X1X3 0.008 1 0.008 0.032 0.866 
X2X3 0.014 1 0.014 0.061 0.817 
Lack of Fit 1.846 5 0.369 1.599 0.335 
Pure Error 0.924 4 0.231 
  
Total SS 4.975 18       
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Comparisons between three hour and six hour sets normalised data for Accellerase® 1500 
The following tables present the normalised data for the chosen responses to optimise 
Accellerase® 1500 where the data was compared to determine if the data reaches a maximum at 
three hours of hydrolysis or six hours. The comparison was done by subtracting the values 
generated for the three hours hydrolysis from the six hours hydrolysis and every negative result (3 
hours > 6 hours) was highlighted in red. 
Table 126: Normalised data comparisons for reducing sugars 
Reducing sugars 
Normalised data  
Run 3 Hours 6 Hours 6 hours - 3 hours 
1 0.84 0.87 0.03 
2 2.08 2.01 -0.07 
3 1.12 1.42 0.30 
4 1.20 0.97 -0.23 
5 1.04 0.92 -0.13 
6 0.87 0.99 0.12 
7 0.94 1.01 0.06 
8 1.29 1.19 -0.10 
9 2.04 1.83 -0.21 
10 1.33 1.08 -0.25 
11 1.12 1.33 0.20 
12 0.86 0.69 -0.17 
13 1.18 1.14 -0.03 
14 1.94 2.08 0.14 
15 1.17 1.15 -0.02 
16 1.14 1.33 0.19 
17 1.44 1.08 -0.36 
18 1.20 1.16 -0.04 
19 1.08 1.27 0.19 
Count 3 Hours > 6 Hours 11.00 
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Table 127: Normalised data comparisons for neutral sugars 
Neutral sugars 
Normalised data  
Run 3 Hours 6 Hours 6 hours - 3 hours 
1 1.14 0.98 -0.16 
2 1.74 1.48 -0.27 
3 0.99 0.91 -0.08 
4 1.40 1.16 -0.24 
5 0.91 0.92 0.02 
6 0.75 0.89 0.14 
7 1.28 1.13 -0.15 
8 1.15 0.93 -0.22 
9 1.17 1.15 -0.02 
10 0.93 0.89 -0.04 
11 1.24 1.28 0.05 
12 1.22 0.89 -0.33 
13 1.30 1.02 -0.28 
14 1.53 1.56 0.03 
15 1.24 1.53 0.29 
16 1.14 1.21 0.07 
17 1.22 1.15 -0.07 
18 1.15 1.14 -0.01 
19 1.08 1.29 0.20 
Count 3 Hours > 6 Hours 12.00 
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Table 128: Normalised data comparisons for solubilised alginate sugars 
Solubilised alginate 
Normalised data  
Run 3 Hours 6 Hours 6 hours - 3 hours 
1 1.53 1.15 -0.37 
2 0.65 0.40 -0.25 
3 1.38 1.82 0.43 
4 1.14 1.12 -0.02 
5 0.64 2.43 1.79 
6 1.04 0.65 -0.39 
7 0.92 0.87 -0.05 
8 1.20 1.50 0.30 
9 0.97 0.54 -0.43 
10 1.08 1.42 0.34 
11 0.99 1.03 0.04 
12 1.29 1.01 -0.27 
13 0.80 0.55 -0.26 
14 1.39 1.12 -0.26 
15 0.83 0.77 -0.06 
16 1.11 1.33 0.22 
17 1.07 0.86 -0.21 
18 1.17 0.76 -0.41 
19 0.73 0.68 -0.05 
Count 3 Hours > 6 Hours 13.00 
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Table 129: Normalised data comparisons for solubilised dry material 
Dry material 
Normalised data  
Run 3 Hours 6 Hours 6 hours - 3 hours 
1 0.97 0.89 -0.08 
2 1.09 1.06 -0.02 
3 0.94 1.09 0.15 
4 1.19 1.00 -0.19 
5 1.10 1.02 -0.08 
6 1.21 0.89 -0.32 
7 0.98 0.90 -0.08 
8 1.14 1.12 -0.02 
9 1.05 0.78 -0.27 
10 1.10 0.88 -0.22 
11 0.95 1.06 0.11 
12 1.09 0.90 -0.19 
13 1.08 1.07 0.00 
14 1.07 1.21 0.15 
15 1.07 0.92 -0.15 
16 0.85 1.01 0.16 
17 1.18 1.05 -0.13 
18 1.03 1.01 -0.02 
19 0.96 0.95 -0.02 
Count 3 Hours > 6 Hours 14.00 
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Appendix D :  Optimisation and validation results 
Profiles for Predicted Values and Desirability
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Figure 65: Desirability plots for chosen Accellerase® 1500 responses
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Table 130: Results from validation experiments presented as mean ± standard deviation 
  Reponses 
Time(h) 
Reducing 
sugars 
(gGE/L) 
Neutral 
sugars 
(gGE/L) 
Solubilised 
alginate 
(gSAE/L) 
Dry material 
(%) 
0 1.53±0.02 2.60±0.13 0.95±0.23 4.11±0.23 
1 3.17±0.05 4.04±0.12 1.10±0.15 4.70±0.02 
2 6.64±0.08 4.03±0.03 1.06±0.07 4.80±0.10 
3 7.88±0.24 4.77±0.07 1.16±0.06 5.01±0.12 
 
 
Figure 66: Reducing sugars over time from validation experiments presented as mean ± standard deviation 
 
Figure 67: Neutral sugars over time from validation experiment presented as mean ± standard deviation 
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Figure 68: Solubilised alginate over time from validation experiment presented as mean ± standard deviation 
 
Figure 69: Dry material over time from validation experiment presented as mean ± standard deviation 
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Appendix E :  Plant scale and process development raw data 
This appendix contains the raw data obtained for the large scale experimental run and the 
combined Accellerase® 1500 and and SEB Digest B69P process experimental run.  
Table 131: Data for the responses obtained for the large scale experimental run of 28 hours presented as mean ± 
standard deviation 
 
Response 
Time 
(h) 
Reducing 
sugars       
(g GE/L) 
Neutral 
sugars 
(g GE/L) 
Solubilised 
alginate               
(g SAE/L) 
Dry material 
(%) 
0 4.41±0.03 4.91±0.10 1.24±0.08 4.11±0.06 
2 6.02±0.05 6.48±0.04 1.10±0.11 4.52±0.17 
4 7.93±0.11 6.94±0.09 1.11±0.02 4.97±0.14 
6 7.27±0.12 6.91±0.10 1.06±0.07 5.27±0.19 
8 9.54±0.19 7.02±0.27 0.69±0.06 5.05±0.03 
10 7.37±0.68 6.94±0.24 1.03±0.06 5.07±0.06 
12 9.69±0.10 7.67±0.06 1.31±0.04 5.41±0.03 
14 8.05±0.12 7.59±0.04 0.96±0.06 4.37±0.11 
16 9.95±0.15 8.05±0.05 1.34±0.13 4.80±0.06 
22 4.84±0.08 5.89±0.05 1.13±0.09 4.98±0.26 
24 5.48±0.06 4.57±0.05 0.90±0.06 4.78±0.09 
26 5.11±0.05 5.04±0.23 1.61±0.02 5.16±0.10 
28 4.97±0.08 4.01±0.04 1.35±0.07 4.71±0.02 
Table 132: Result from the blank experimental run presented as the mean ± standard deviation 
  Response 
Time 
(h) 
Reducing 
sugars  
(g GE/L) 
Neutral 
sugars 
(g GE/L) 
Solubilised 
alginate   
(g SA/L) 
Dry 
material 
(%) 
0 3.93±0.05 3.74±0.05 1.18±0.15 4.39±0.06 
1 3.85±0.15 3.05±0.31 1.35±0.06 4.09±0.06 
2 3.75±0.07 3.25±0.15 1.31±0.04 4.44±0.04 
3 4.36±0.06 3.48±0.09 0.90±0.10 4.42±0.08 
4 3.91±0.18 3.24±0.26 0.87±0.13 4.46±0.05 
5 3.66±0.06 3.99±0.23 1.23±0.06 4.42±0.09 
6 3.82±0.05 3.73±0.17 1.21±0.22 4.43±0.18 
7 3.99±0.18 3.30±0.04 1.49±0.16 4.63±0.15 
8 4.45±0.04 3.75±0.11 1.23±0.07 4.20±0.11 
9 3.80±0.03 3.36±0.09 0.93±0.17 4.07±0.02 
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In  
Table 133 is the data generated for the combined hydrolysis for process development in this study. 
Within the analysis of these results the dry material response was only conducted at a volume of 
300μl in duplicate due to limited material available for analysis. 
Table 133: Raw data of the chosen responses for the Accllerase® 1500 and SEB Digest B69P combined process 
development experiment presented as mean ± standard deviation 
  Response 
Time 
(h) 
Reducing 
sugars  
(g GE/L) 
Neutral 
sugars 
(g GE/L) 
Solubilised 
Alginate  
(g SAE/L) 
Dry 
material 
(%) 
0 3.42±0.06 3.28±0.11 0.77±0.3 4.45±0.12 
1 5.16±0.07 3.76±0.17 1.04±0.2 4.54±0.08 
2 5.22±0.06 4.24±0.17 1.1±0.06 4.75±0.02 
3 6.23±0.19 4.46±0.02 0.88±0.1 5.12±0.04 
4 6.48±0.08 4.72±0.10 0.81±0.04 4.59±0.02 
5 5.62±0.04 4.99±0.10 1.06±0.11 4.58±1.04 
6 7.52±0.04 4.28±0.05 1.1±0.22 4.95±1.09 
7 7.56±0.03 4.46±0.16 1.27±0.14 5.19±0.06 
8 6.74±0.14 4.40±0.07 1.13±0.12 4.99±0.05 
9 7.14±0.48 5.21±0.08 1.34±0.44 4.90±0.18 
 
Table 134: Antioxidant capacity, polyphenolic and crude protein measurements conducted on the Accellerase® 1500 
and SEB Digest B69P process development experiment presented as mean ± standard deviation 
  Responses 
Time 
(h) 
Polyphenolic 
compounds 
(g GAE/L) 
Antioxidants 
(g TE/L) 
Crude 
protein 
(%) 
0 0.3±0.01 0.19±0.01 0.02±0.01 
1 0.35±0.01 0.19±0.01 0.12±0.02 
2 0.31±0.01 0.2±0.01 0.10±0.01 
3 0.3±0.01 0.19±0.01 0.16±0.01 
4 0.36±0.01 0.18±0.01 0.14±0.03 
5 0.4±0.02 0.18±0.02 0.08±0.01 
6 0.33±0.01 0.19±0.01 0.11±0.01 
7 0.35±0.01 0.19±0.01 0.12±0.01 
8 0.42±0.01 0.19±0.01 0.11±0.01 
9 0.41±0.01 0.18±0.02 0.12±0.02 
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Table 135: Detected amino acids in the seaweed hydrolysate raw data 
 
Amino Acids (mg/L) 
Time 
(h) 
Serine Arginine Glycine 
Aspartic 
acid 
Glutamic 
acid 
Alanine Proline Lysine Tyrosine Methionine Valine Isoleucine Leucine Phenylalanine 
0 3.8 7.3 3.6 67.6 47.5 123.5 14.6 3.1   32.6 5.8 3.2   5.2 
1 4.1 7.0 3.5 68.1 46.6 123.0 13.4 3.0   8.1 5.8 2.9   4.3 
2 7.8 4.3 7.2 78.0 81.7 96.3 11.4 2.6 5.3 5.3 9.1 4.4 1.1 4.9 
3 3.8 6.3 3.4 69.4 44.6 113.7 13.0 2.0     5.7 2.2   2.8 
4 4.0 6.4 3.5 68.4 50.3 112.7 12.4 2.7 3.2   6.6 2.9   3.6 
5 4.4 7.6 5.0 70.1 53.8 131.3 13.7 4.9 5.2   11.6 4.8 3.2 6.8 
6 4.1 6.3 3.3 66.0 46.0 103.9 12.0 2.6 2.9   6.0 2.8   3.0 
7 4.1 6.4 3.6 65.2 48.0 101.3 12.7 3.9     5.9 2.7   3.6 
8 4.5 7.7 3.5 56.3 39.3 78.6 11.8 5.6     6.7 2.9   4.3 
9 4.5 6.2 3.7 69.2 51.0 96.8 14.4 2.5     6.4 2.4   2.7 
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Dry mass loading of raw material samples 
Moisture analyses were done on the raw material to determine the dry mass loading for the 
samples provided for this study to assist with determining the glucose change from HPLC results. 
Table 136: Determination of dry mass loading of provided raw material in this study 
Iteration 
Moisture 
(%) 
Dry material 
(%) 
Hydrolysate 
(g) 
Wet pellet 
(g) 
Dry Pellet 
(g) 
Dry mass 
loading (%) 
1 94.31 5.69 12.69 3.02 0.39 3.07 
2 93.84 6.16 12.54 2.83 0.36 2.87 
3 93.89 6.11 12.91 2.78 0.37 2.87 
Average 94.01 5.99 12.71 2.88 0.37 2.94 
Standard 
deviation 
0.26 0.26 0.19 0.13 0.02 0.12 
Margin 
of error 
0.64 0.64 0.10 0.37 0.46 0.32 
 
Characterisation results from HPLC analysis 
The results shown were determined using HPLC to characterise the glucose and mannitol from the 
experimental runs. 
Table 137: HPLC results on validation run 
 
Concentration (g/L) 
Time Glucose Mannitol 
0 0.00 1.75 
1 20.04 2.27 
2 15.91 2.22 
3 22.20 2.50 
 
Table 138: HPLC results on Accellerase® 1500 and SEB Digest B69P experimental run 
  Concentration (g/L) 
Time Glucose Mannitol 
0 15.01 2.20 
1 16.56 2.45 
2 15.71 2.37 
3 17.30 2.63 
4 15.49 2.34 
5 15.30 2.28 
6 17.34 2.77 
7 17.14 2.68 
8 16.20 2.48 
9 15.24 2.20 
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Table 139: HPLC results on 28 hour experimental run 
  Concentration (g/L) 
Time Glucose Mannitol 
0 14.22 1.91 
2 16.23 2.39 
4 18.58 2.88 
6 19.89 3.17 
8 18.55 2.93 
10 16.98 2.64 
12 15.41 2.57 
14 14.65 1.97 
16 15.64 2.26 
22 14.65 1.76 
24 15.64 1.86 
26 14.89 1.64 
28 14.06 1.41 
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